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3Abstract
The impedance plethysmographic technique has been found
useful in respiration and blood flow measurement since the 1940s.
The non-invasive nature of the technique attracts physicians.
However, respiratory and cardiac components are always mixed up
in the plethysmographic signal. Appearance of the cardiac
component in respiration measurement introduces inaccuracy. On
the other hand, the large respiratory interference makes the
measured waveform impossible to recognise during blood flow
measurement.
Researchers in China use the impedance method to detect
pulmonary blood flow. They call it impedance lung rheography.
Studies have shown that the signal., provides information for the
diagnosis of cor pulmonale and some heart diseases. Like other
plethysmographic signals, impedance rheograms contain large
respiratory artefact. Subjects have to hold their breaths during
measurement to avoid respiratory interference.
In this thesis, three methods were proposed to overcome this
measurement inconvenience. They were fixed digital filters,
signal averaging and adaptive noise cancellation.
A few types of fixed digital filters were tested to extract
rheogram. It was found that high order FIR filters are needed.
Rheograms were sensitive to phase non-linearity.
Signal averaging is found useful in rheogram extraction.
About 15 cycles are enough to obtain a baseline stable •rheogram.
The method depends on the availability of the ECG QRS complexes.
4The technique smoothes out any instantaneous waverorm variation
in rheograms. It requires large storage too.
The averaging operation was analysed using Z-transform
nethod instead of the common statistical approach. The parallel
structure of the averager was studied. Some interesting
properties were derived in the analysis of this arrangement.
Artef act cancellation by adaptive noise canceller (ANC) is
possible only if a suitable reference signal can be found.
Respiratory inductive plethysmography (RIP) was found useful
without deteriorating the non-traumatic property of impedance
lung rheography. Use of RIP signals as reference inputs to the
ANC removed the respiratory artefact in the rheograms. The method
worked well in more than ten cases. Beat-to-beat rheogram
variation was retained. The ANC gave a cancelling signal (which
is the respiratory artefact) free of cardiac artefact. This
signal was found to originate from right lung ventilation by
animal experiment. Thus the ANC solves the cardiac artefact
problem in impedance ventilation measurement as well. Hardware
implementation of ANC was also considered.
A comparison was made on the three methods. Fixed digital
filter is not a good solution to the artefact elimination problem
due to its lack of flexibility to cope with the varying
respiration rate and, heart beat among individuals. Signal
averaging may find application in clinical diagnosis. The- ANC
best suits patient monitoring where instantaneous rheogram
variations may be useful to physicians.
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The impedance technique of measuring physiological events is
introduced in this chapter. The technique has an important
advantage of non-invasiveness. Applications of the technique in
human respiration and blood flow measurement are discussed. The
problem of artefacts in impedance measurement is then briefly
reviewed. The organisation of the thesis is outlined in the last
section.
1.1 Phvsioloaical Measurement bv Imnedance
Physiological measurements in living processes involve the
detection and quantification of physiological quantities. To do
this, transducers are placed in the living process so that
physiological events may be detected and converted to electrical
signals. This type of measurement technique is termed invasive
measurement.
In medicine, physiological measurements are used for patient
diagnosis and monitoring. These measurements are best performed
non-invasively. Non-invasive measurements refer to the
measurement techniques which are not intrusive to the subject.
Such measurements do not interfere with routine care of the
'Artefact' and 'artifact' is the same. The former is an English
word while the latter is the American spelling. In this
thesis, 'artefact' will be used throughout except in quoting
references, where wordings in the titles are reproduced
exactly.
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patient. Electrocardiography is a typical example of this
measurement technique.
Physiological measurement in man by impedance is a new non¬
invasive measurement technique which has been developing rapidly
recently. In man, physiological event changes usually exhibit
changes in either volume, dielectric or conductivity. Changes in
these physical quantities constitute corresponding impedance
changes. When appropriate electric current is applied to the
living body, impedance changes can be detected. Physiological
events can then be measured indirectly.
The impedance measurement method offers many advantages. The
method is not dangerous. It is not painful to the patients (man
is insensitive to h'igh frequency current; Geddes and Baker,
1975). Therefore, measurements can be repeatedly performed. The
technique requires only simple, inexpensive equipment (Swanson
and Webster, 1982.). During measurement, electrodes are applied
to the body surface. No special transducer is needed. The
method's response time to the physiological event is therefore
zero. External environmental factors, such as temperature and
pressure, do not directly affect the measurement process.
The method has one major limitation. When current is applied
to the body, it may flow at the proximity of the region that
measurement is intended to take. Human body is a volume
conductor. There is no way to control the current flow inside the
body. As the impedance method detects impedance changes of the
physiological events as well as its surrounding tissues, the
problem of non-uniqueness may occur (Cooley, 1972). Results
obtained by this means must therefore be interpreted with
caution. Usually, animal models are used to justify experimental
results.
1.2 Imnedance Plethvsmoaranhic Measurement in Man
When the impedance technique is detecting volumetric
changes, it is called impedance plethysmography (Greek:
'plethysmos' means enlargement). Nyboer is a pioneer in this
field (Nyboer, 1970).
Impedance plethysmography is useful in respiration
measurement. As man breathes in air, the lung volume increases.
Since air is a poor conductor of electricity, thoracic
conductivity decreases and the electrical impedance increases. In
this application, electrodes are placed directly on the thorax.
It has been found that the impedance change measured is linearly
related to the respiratory volume only in certain electrode
positions (Logic et al., 1967). Impedance plethysmography used in
respiration measurement is called impedance pneumography
Cpneumo' means air). Baker (1979) has done a detailed review on
it. Recently, people started to use this technique to access
regional lung ventilation (Weng et al., 1979, Aoyagi et al.,
1981).
Impedance plethysmography is also useful in blood flow
measurement. When blood flow within a measurement region
increases, the conductivity of the region increases. The
impedance decreases. Impedance change due to blood flow has small
amplitude and is synchronous with heart beat. Application of the
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technique in blood flow measurement is called impedance
rheography ('rheos' means flow). Kubicek et al. (1970) used the
impedance method to determine cardiac output. The method is
called impedance cardiography. Penney (1986) did an extensive
review on it. Wheeler and Mullick (1970) used the technique to
measure limb blood flow. They found it useful in detecting deep
vein thrombosis. The impedance method is also applied in blood
flow measurement of other organs including the lung (Li, 1982),
brain (called rheoencephalography, Lifshitz, 1970), liver (called
rheoheptatogram, Dong et al., 1981), kidney (called
rheonephrogram, Allison et al., 1970) and eye (Neidle et al.,
1970, Allison, 1981).
In both pneumography and rheography, the time varying
component is used. The basal value on which this component is
superimposed is usually bucked off.
The impedance technique is also used in other' areas such as
skin measurement (Poon, 1977), imaging (Seagar et al., 1987) and
gait analysis (Yamamoto and Yamamoto, 1987). However, these
applications do not belong to impedance plethysmographic
measurements as the technique is not detecting volume changes in
these cases.
1.3 Artefacts in Impedance Plethysmography
Like other physiological measurements, artefacts may come in
the impedance signal measured through various means such as mains
interference and improper electrode attachment. These artefacts
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can normally be reduced by proper skin preparation, special
circuit arrangement or other standard techniques (Webster, 1984).
However, in impedance plethysmography, there are some special
artefacts which cannot be removed by these methods.
Impedance plethysmogram at the thorax has two time varying
components. The large, slowly varying impedance change represents
the respiratory activity. The small impedance variation
superimposed on the respiratory impedance signal tells how blood
flow changes. It is synchronous to the heart beat. According to
Baker (1979), Nyboer first discovered this phenomenon in 1940.
The extraction of one of these two components from the total
impedance change is a difficult problem. The difficulty lies on
the fact that both heart beat and respiration are spontaneous
activities. During impedance plethysmographic measurements, they
occur and are detected simultaneously. Hence cardiac artefact
appears in impedance pneumography while respiratory artefactw
appears in impedance rheography.
Removal of blood flow interference on pneumograms was
studied as early as in 1959. When Goldensohn and Zablow used the
impedance technique to measure respiration, they found small
ripples on the waveform. They designed a waveform generator to
synthesize pulses to cancel the cardiac component. After artefact
cancellation, the resulting waveform was then filtered. The
method was not efficient. Adjustment of the waveform generator to
give pulses that closely resembled the cardiac artefact was
difficult.
%
Wilson et al. (1982) met the same problem when they were
developing algorithms to analyse respiration in infants. They
have tested three methods to remove the cardiac artefact. The
three methods were namely signal averaging, analogue filtering
and digital filtering. They found digital filtering the best
among the three methods. Yet, the reduction in artefact amplitude
was only 7dB. Newton et al. (1983) used a seventh order recursive
digital low pass filters to remove the cardiac artefact in the
transthoracic impedance signal. They set the cutoff frequency at
0.5Hz and ignored the fact that respiration signal may have
frequency components up to 10Hz (Olson, 1978).
On the other hand, respiratory artefact contamination on
impedance rheography has also been studied. Early works used
signal averaging to remove respiratory artefact. Schmitt (1964)
seems to be the first to suggest the use of signal averaging in
impedance plethysmography. Lifshitz (1970) and Tarassenko et al.
(1984) used signal averaging to extract rheoencephalograms.
Miyamoto et al. (1981) and Muzi et al. (1985) used the method to
extract the impedance cardiogram for cardiac output measurement.
Recently, people started to consider the possibility of
interpolating the artefact waveform for cancellation. Yamada et
al. (1987) used a third order spline interpolation to eliminate
the respiratory impedance change in an off-line system. Eiken and
Segerhammer (1988) proposed a signal processing technique to
solve the problem. In this technique, the respiratory artefact is
identified by a moving-window technique using linear regression
analysis.
The mutual interference of the pneumograms and rheograms is
the main problem in impedance plethysmography. Though many
attempts have been made to extract pneumograms and rheograms in
the measured impedance change, they are either not suitable for
continuous monitoring or too complex to be performed on-line. The
artefact problem hampers wide application of the impedance
plethysmographic technique.
1.4 Thesis Outline
This thesis reports the attempts used to remove the
respiratory artefact from the impedance plethysmographic signal.
Impedance lung rheogram is used in the study. The thesis presents
three ways to remove the artefacts.
This chapter has introduced the impedance plethysmographic
technique. In the next chapter, the method of impedance lung
rheography as it is used in China is described. Two technical
difficulties of the method are discussed. Focus is placed on the
respiratory artefact, which is one of the two difficulties.
The problem of rheogram extraction is tackled in three ways.
They are the digital filter method (chapter 3), the signal
averaging method (chapter 4 and 5) and the artefact cancellation
method (chapter 6).
Chapter 3 discusses the use of common filters in rheogram
extraction. A special notch filter is first tested. Recursive and
non-recursive filters are then considered.
Though signal averaging is not new in respiratory artefact
removal, chapter 4 studies the process from a filter point of
view. In chapter 5, a polyphase filter approach to signal
averaging is presented. Use of recursive filters in averaging is
tested on the impedance lung rheogram. The results are found
similar in performance to that obtained from conventional signal
averaging.
The adaptive noise canceller is a popular method in
biomedical signal processing. Its use in artefact removal of
rheograms is studied in chapter 6. The requirements of suitable
cancelling signals for use in the adaptive noise canceller are
discussed. It is found that respiratory inductive plethysmography
suits the requirements in many aspects. The method has been
tested in eighteen clinical measurements. Satisfactory results
are obtained. The adaptive noise canceller also solves the
cardiac artefact contamination problem in impedance pneumography.
Some possible applications are considered.
In these chapters, the methods are first tested for their
feasibilites. Applicability are then accessed from both the
implementation and the clinical points of' view.
The thesis concludes with chapter 7. In this chapter, the
three approaches to rheogram extraction are compared. It then
summarizes the work and results in this project, and suggests
further work on this interesting problem.
There are four appendices at the end. Appendix 1 describes
the measurement method used in the study. Appendix 2 shows the
simplification of an equation in chapter 5. Appendix 3 discusses
the LMS adaptive algorithm used in adaptive FIR filters. The last
appendix reports the results of some clinical cases obtained by
signal averaging and adaptive noise cancelling.
Chapter 2
Luna Rheoaranhv- Impedance Measurement of Pulmonary Blood Flow
Before going to the description of the use of impedance
technique to detect pulmonary blood flow, the human circulation
and diseases related to the pulmonary circulation are first
reviewed. The technique of impedance lung rheography in China is
then introduced. The respiratory artefact and the electrode
placement are the two technical difficulties that hinder wide
application of the technique. The last sections discusss these
two difficulties.
2.1 The Human Circulation System
In man, there are two circulation systems, namely the
systemic circulation and the pulmonary circulation. They are
shown in figure 2.1(a).
In the systemic circulation, blood is pumped out from the
left ventricle. The aorta and its branches carry the blood to all
parts of the body. Internal respiration occurs between the
capillaries and the tissues. Used (or deoxygenated) blood then
returns to the right atrium through the venous system. The
systemic circulation acts mainly as a distribution network for
oxygen and a collection network for carbon dioxide.
Unlike the systemic circulation, the primary function of the
pulmonary circulation is to expose the blood to alveolar air so
that gaseous exchange can take place between them (see figure
2.1(b)). This process is called external respiration.
Deoxygenated blood gathered at the right ventricle is pumped out
to the pulmonary artery. Blood then flows through the pulmonary
artery and branches out to the two lungs into the pulmonary
capillaries. There, carbon dioxide is diffused out to the
respiratory tract and oxygen is diffused in, both via the
extremely thin wall separating the capillary beds and the
alveoli. The deoxygenated blood becomes oxygenated. It then flows
back to the left atrium through the pulmonary veins and ready for
re-circulation by the systemic circuit.
As the systemic circulation carries blood all over the body,
blood flow information in this circulation system can be derived
at the extremities non-invasively. Sphygmomanometers are used to
measure arterial systolic and diastolic pressure. Ultrasonic
method can be used to measure blood flow in superficial vessels.
Chinese doctors can even obtain diagnostic information on
patients simply by wrist palpation.
The pulmonary circulation is different. It has a short
circulation path. Its function is closely related to the lung
ventilation. Since the whole system is totally enclosed in the
thorax, measurements in the pulmonary circulation are usually
traumatic.
2.2 Disorders affecting the Pulmonary Circulation
Any abnormality occuring at the heart or the pulmonary
vessels will cause the blood flow in the pulmonary circulation to
change. Moreover, since the pulmonary capillaries are enclosing
the lung for gaseous exchange, lung diseases, such as pulmonary
edema and pneumothorax, may also affect the pulmonary blood flow.
Cor pulmonale (or chronic pulmonary heart disease) is a
class of diseases that causes pulmonary hypertension and thus
abnormal pulmonary blood flow. By cor pulmonale, it refers to the
changes in the right ventricle and its function due to elevation
of pulmonary artery pressure resulting from diseases affecting
the function or structure of the lung or its vasculature (Farzan,
1978). Right ventricular hypertrophy is the common symptom in
patients with cor pulmonale. The symptom alone does not cause
death. However, when a subject having cor pulmonale has his lung
infected, obstructed airway together with pulmonary hypertension
may cause respiratory acidosis and heart failure (Ferrer, 1975).
Valvular heart diseases cause abnormal circulatory dynamics
near the heart (Guyton, 1986). There are four valves in the heart
that serve to separate the atria and ventricles and direct blood
flow. See figure 2.2. When one of these valves is not functioning
well, back flow or leakage within the heart may occur. The
diseased valve impedes blood flowing through it. Blood flow in
the pulmonary arteries and veins are thus changed. Mitral
insufficiency, mitral stenosis and pulmonary semilunar valve
insufficiency are examples of diseases that affect the pulmonary
blood flow.
Congenital heart diseases can also cause abnormal pulmonary
blood flow (Guyton, 1986). In these diseases, shunts exist in the
heart chambers and cause blood to bypass either the systemic or
the pulmonary circulation. The shunts alter the blood flow path
and the pressure gradient of the pulmonary circuit, causing
pressure changes in the heart chambers. Common congenital heart
diseases include patent ductus arteriosus, atrial septal defect
and ventricular septal defect. Figure 2.3 shows how some of these
diseases change the blood flow in the heart.
In cor pulmonale, the clinical manifestation is always right
ventricular hypertrophy, and X-ray is usually used for
differential diagnosis. However, radiographic changes are present
in advanced cases only. Right heart catherization is often used
to help the diagnosis. The method is invasive. Figure 2.4 shows
how this is normally done.
Electrocardiography (ECG) and phonocardiography (PCG) are
the usual non-invasive methods for the diagnosis of valvular and
congential heart diseases. These diseases normally require
A common characteristic of the types of diseases mentioned
above is that they always accompany pulmonary blood flow changes.
Diagnostic and monitoring procedures will be safer and simpler if
pulmonary blood flow can be measured non-invasively.
2.3 The Technique of Impedance Lung Rheography
Researchers in China started to use the impedance technique
to detect pulmonary blood flow in 1976. They placed electrodes at
surgical treatment. Postoperative monitoring of systemic and
pulmonary blood flow is often needed to access the efficacy of
operations. ECG and PCG do not help much in these situations as
they cannot reflect the improvement in pulmonary blood flow.
the front and back of the right chest and obtained waveforms as
in figure 2.5. Since then, people have used electrodes with
various sizes and materials in their rheogram measurement. They
also tried different electrode positions. The method was
standardized in 1981 (Hu and Gu, 1983) to make comparison of
clinical results possible.
2.3.1 The methodology
In China, the method of recording rheograms was standardised
as follows:
Position: supine
Respiration: end of expiration
Electrode material: silver
Electrode size: 2.5cm x 3.5cm
Electrode system: tetrapolar electrode
Electrode location: see figure 2.6
Figure 2.5 shows the waveform nomenclature and the naming of
various waveform indices. The rheogram convention is such that
the increase in rheogram amplitude reflects the decrease in the
impedance measured. In another word, rheogram amplitude increases
when pulmonary blood flow increases.
Normal rheograms have three dominant peaks (some normal
rheograms may be mono-peak waves or steep-wave, see Huang and Wu,
1981). They are the a-wave, the S-wave and the D-wave. The a-wave
The discussions in this and the following section are based on
the review paper by Hu and Gu (1983).
is believed to come from the atrium. It appears 0.14 second after
the ECG P wave. The S-wave is sometimes called the systolic wave.
It occurs 0.11 second after the ECG Q wave. The D-wave is called
the diastolic wave. The typical time interval between the ECG T-
wave and the D-wave is around 0.12 second.
The dZdt waveform has a few distinguished points. The A-
wave appears after the ECG P-wave. It is a positive wave (may be
negative in some cases) and shows the inflection point of the
rheogram a-wave. The C-wave in the dZdt signal is the wave
appearing after the ECG QRS complex. It reflects the change of
the S-wave in the rheogram. The O-wave of the dZdt wave
appearing after the ECG T-wave shows .how the rheogram D-wave
changes. The b-point is the intersection between the C-wave and
the baseline. It corresponds to the start of the blood ejection
time of the right ventricle. The Y-point is the minimum point of
the C-wave. It appears at the same time when the pulmonary valve
closes and is taken as the end of the right ventricular ejection
time in rheogram analysis.
2.3.2 Rheogram analysis
Rheograms and their derivatives (dZdt) are usually recorded
together with ECGs and PCGs. Amplitude and time indices are then
obtained from the waveforms and used as objective criteria in
diagnosis.
The heights of the systolic and diastolic wave (Hs and HD)
are two common amplitude indices used in rheogram analysis. The
two values are closely related to the blood flow dynamics in the
pulmonary vessels. Sometimes, the ratio HSHD is also useful.
Time indices are normally used in the diagnosis of pulmonary
heart diseases. The useful time intervals in the rheogram include
the Q-b time and the b-s time. These time intervals are usually
normalized with respect to the R-R interval of individual subject
to obtain a more objective value for inter-subject comparison.
The b-Y interval is also useful in the study of the right
ventricular ejection time (RVET).
To smooth out cycle to cycle rheogram variation likely to
appear, the amplitude and time indices in a rheogram record are
obtained by averaging the values measured from three consective
rheogram cycles.
It can be noted from figure 2.5 that the accuracy of these
indices depends heavily on the stability of the rheogram
baseline. The first derivative of the rheogram helps to give a
clear indication of some inflection points in the rheogram. The
ECG and PCG provide important time marks for waveform indices
computation. Though these signals (dZdt, ECG and PCG) help
obviating some difficulties in identifying critical inflection
points during time and amplitude indices calculation, excessive
baseline fluctuation can obscure accurate waveform analysis.
2.3.3 Physiological basis
The impedance technique of detecting physiological events
has the problem of non-uniqueness. Hence, animal models have been
performed to search for the physiological origin of impedance
lung rheograms. Chinese PLA 211 Hospital (1979) found that the
rheogram amplitudes in dogs dropped greatly as soon as their
pulmonary circulation were obstructed. Xiong et al. (1981) showed
on dogs that 80% of the rheogram is reflecting the changes of
pulmonary blood flow. Xu et al. (1981) got the same conclusion in
their study of the potential distribution on rabbit's thorax.
Wang et al (1983) showed that in man, about 65% of the rheogram
is reflecting pulmonary circulation.
With regard to the composition of the rheogram, it is
commonly believed that the rheogram S-wave and D-wave come from
the systolic and diastolic wave of the pulmonary artery
respectively. Li was the earliest to offer an explanation to the
waveform formation (Li, 1982). He called it the theory of 'blood
volume composite wave'. Since then, several theories have been
proposed to explain the formation of the rheogram waveforms.
Conclusion has yet to be drawn (Hu and Gu, 1983).
2.3.4 Clinical applications
i
Conventional physiological measurement techniques do not
offer non-invasive measurement of the pulmonary circulation.
Impedance lung rheography helps to solve this problem. Numerous
clinical observations have been performed in China to study the
validity of lung rheograms as a way of reflecting pulmonary
hemodynamic changes in man. Huang and Wu (1981) measured
rheograms in normal subjects and reported normal waveform indices
as basis for clincial diagnosis. Hu et al. (1981) studied
rheograms in subjects with cardiovascular diseases and found that
rheograms in these subjects were also abnormal. Li (1981)
measured rheograms in patients with valvular heart diseases
before and after surgery. Rheograms were found to change back to
normal after surgery. These clinical observations suggest that
the technique can be used to diagnose congenital and valvular
heart diseases as well as to access the efficacy of cardiac
surgery.
Wang et al. (1983) verified the repeatibility of rheograms
in subjects having cor pulmonale. Rheograms, together with their
deriatives, ECG and PCG are useful in diagnosing cor pulmonale
(The third national conference on cor pulmonale, 1981). Li and
Cheng (1983) used the method to observe left heart preload and
monitor pulmonary circulation. Pneumothorax and pulmonary edema
can also be detected using this technique. Some reports showed
that the technique may be used in high altitude physiology (Hu
and Gu, 1983) too.
2.4 Technical Difficulties of Impedance Lung Rheography
Impedance lung rheography developed in China provides a new
non-invasive technique to measure pulmonary blood flow. However,
its wide application is hindered by two technical difficulties:
respiratory interference and electrode positioning.
Figure 2.7 shows a typical impedance lung rheogram taken
when the subject is breathing. It can be seen that the rheogram
(synchronized to the ECG) can hardly be observed. The impedance
change caused by respiration is so great that the rheogram
becomes useless in clinical diagnosis. At present, subjects have
to be apneic during rheogram recording. This request is not
demanding to normal subjects. However, patients with lung
diseases find difficulty in doing this and it is these patients
whose pulmonary blood flow need to be examined. Infants are not
able to hold their breaths voluntarily either.
In fact, rheograms obtained by breath holding do not always
give stable baselines. Physiologically speaking, with the onset
of apnea, the rate of CO2 output into the lung falls due to the
fall in the CO2 pressure gradient between the alveolar space and
the capillaries. Meanwhile, the oxygen uptake from the lung
continues at a steady rate because the pulmonary circulation is
sustained. As a result, the lung volume decrease (Mithoefer,
1965), and cause the basal impedance change on the rheogram to
drift upward.
The electrode placement is crucial in picking up correct
physiological events. Penney et al. (1979) have verified this in
the human calf. From the anatomic point of view, the main
pulmonary vessels must lie between the detecting electrodes in
order to detect the pulmonary blood flow with high sensitivity.
On the other hand, the detecting electrodes must detect the
systemic circulation as small as possible. Though the electrode
positions can be fully specified by anatomical locations, only
trained medical personnel are able to locate the positions
accurately. Wrong placement of electrodes results in wrong
rheogram records.
2.5 Respiratory Artefact in Impedance Lung Rheocrrams- Problem
Formulation
The large impedance change on which the rheograms are
superimposed come from respiration. This conclusion comes from
the observation that interference disappears during apnea. The
unwanted impedance change is then mixed up with rheograms in some
deterministic way. Figure 2.8(a) shows the situation
diagrammatically.
To remove the artefact from the measured impedance, some a
priori information on either the rheogram or the artefact must be
known. This information may then be used to recover the rheogram
through some defined operations as in figure 2.8(b).
In the following four chapters, three approaches to the
solution of figure 2.8(a) are considered. They are the digital
filter, signal averaging and adaptive noise cancellation.
References will constantly be made to figure 2.8 during the
discussion of the ways these methods are solving the problem.
(a) The two circulation systems in man.
(b) The pulmonary circulation and its
main blood vessels.



















Figure 2.2 The heart chambers and its four valves.
LIGAMENTUM ARTERIOSUM
(NORMALLY CLOSED)
(a) Patent ductus arteriosus (b) Tetralogy of Fallot
(d) Atrial septal defect(c) Ventricular septal defect
Figure 2.3 Some examples of congenital heart diseases.
Arrows show the blood flow change due to the diseases.
Figure 2.4 Right heart cather,...
I
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Figure 2.5 Typicai rheogram waveform ana n.
CURRENTELECTRO.OE
VOLTAGE ELECTRODE
(a) Electrodes at the front
VOLTAGE ELECTRODE
CURRENT ELECTRODE
(b) Electrodes at the back
Figure 2.6 Electrode positions used in impedance
lung rheography as standardised in China in 1981.
Figure 2.7 The rheogram with respiratory artefact.


















(b) The possible solution
Figure 2.8 Impedance lung rheogram- problem formulation
and the probable solution.
Chapter 3
Rheogram Extraction by Fixed Digital Filters
The use of digital filters to remove respiratory artefact is
basically a frequency domain approach to the problem. In this
chapter, rheogram characteristics in the frequency domain are
found first. Several fixed digital filters are then tested on
rheogram artefact removal. Their suitability and feasibility are
discussed.
3.1 Spectral Characteristics of Impedance Lung Rheograms
Figure 3.1 shows the power spectral density (psd) of a
rheogram obtained from a normal subject. The psd is obtained by
the window overlapped smoothing average (WOSA) method suggested
by Welch (1974).
From the plot, spectral components located at integral
multiples of about 1Hz (which is the heart rate) are easily
recogonised. They are the frequency components contained in the
rheogram. The harmonics decrease and disappear at about 7Hz. This
is the rheogram bandwidth of a normal subject. Subjects with
tachycardia may have wider rheogram bandwidth. A 15Hz bandwidth
can account for most clinical situations. The minumum sampling
rate is therefore 30Hz according to Nyquist. In this study, the
sampling rate is chosen to be 50Hz to avoid aliasing during
sampling.
In the power spectrum, there is a strong component at the
0.2Hz to 0.4Hz region. It is the respiratory artefact. The
artefact has its spectrum extending to the second harmonics of
the rheogram spectrum and drops off therein. The fundamental
component of the artefact is stronger than the rheogram
fundamental by almost 20dB. Obviously, the signal (which is the
rheogram) and noise (the artefact) have overlapping spectra. High
pass filters should be used and it can be predicted that these
filters remove the main spectral components of the artefact only.
Commonly used digital filters are the IIR filters and FIR
filters. A special type of filter, called the drift filter
(Leung, 1980), will be discussed first due to its simplicity in
implementation.
3.2 The Drift filter
An examination of the impedance variation waveform (figure
2.6) revealed that the phenomenon is similar to the ECG baseline
variation problem caused by respiration. The respiratory artefact
may be interpreted as an excessive baseline drift of the
rheogram. Techniques for the solution of ECG baseline variation
may be applicable.
The elimination of ECG baseline drift has been studied by
Leung (1980). He proposed an ECG drift filter to solve the
problem. The drift filter is actually an IIR notch filter with
selected coefficients such that real-time implementation on
microprocessors is possible. Notches appear at dc and integer
multiples of fsN where
fs= signal sampling frequency and
N= order of the filter
and the drift filter has the transfer function
where
and f= -3dB cutoff frequency of the notch,
T= signal sampling period(= lf„).
A fourth order drift filter was tested on rheograms with two
values of a. Results are shown in figure 3.2. It can be seen
that artefact swing is decreased and rheograms become more
dominant. However, baseline swing still occurs. Rheogram cycles
during inspiration are still immersed in artefact. The rheogram
D-waves are attenuated.
Typical amplitude and phase responses of the filter with N=4
and a= 0.7, 0.8, 0.9 (corresponding to f= 0.7Hz, 0.44Hz and
0.21Hz respectively) are shown in figure 3.3.
The presence of artefact after filtering is due to the fact
that artefact power is much greater than rheogram power. As the• • %
artefact is not located near dc, and the notch is sharp in the
vicinity of dc only, artefact attenuation is not effective.
The value of a may be made smaller to allow for a wider
notch, thus attenuating the artefact more. The upper limit is
that a must not make fc greater than the heart rate. Otherwise,
rheogram fundamental will be attenuated.
Another possibility of improving the sharpness of the
filter's transition band is to increase the filter order N. In
this case, extra notches appear at integer multiples of fsN.
Increasing N beyond 4 when the sampling frequency is 50Hz
introduces notches within the rheogram spectrum and removes
useful rheogram information.
The drift filter is actually an IIR filter. Phase response
is non-linear near the transition bands (see figure 3.3). This
non-linear phase characteristic changes the rheogram morphology
if a is large.
3.3 FIR filters
Instead of the notch filter, conventional high pass digital
filters may be used to remove the artefact. Three high pass non-
recursive filters with different transition band characteristics
are designed using the DFDP package (Atlanta Signal Processors
Inc., 1985). Their characteristics are shown in table 3.1.
Their amplitude responses are shown in figure 3.4. The same
rheogram record in section 3.2 is used in the test. Figure 3.5
shows the results. Rheograms are clearly extracted. The three
results show little difference. The filter order increases
dramatically if a sharper transition band is used. The resulting
rheogram resembles that obtained from the subject during apnea.
This type of filter can be used in respiratory artefact removal.
Note the high filter order required.
Table 3.1 The three FIR filters used to filter
respiratory artefacts from rheograms
3.4 IIR filters
IIR filters are considered in artefact removal because of
its advantages over FIR filters in filter complexity and time
delays. The Butterworth filter and the Chebyschev II (flat
passband and ripple stopband) filter are tested. Table 3.2 shows
Table 3.2 The two IIR filters used to filter
























Butterworth Chebyschev IIFilter type
their specifications. They are also designed using the DFDP
package (Atlanta Signal Processors Inc., 1985). Figure 3.6 shows
their frequency domain characteristics.
The same rheogram record as in previous sections is used.
Filtered rheograms are shown in figure 3.7. Waveforms obtained by
the two filters again show little difference. Compared with the
rheogram obtained from the subject during apnea, D-waves are
attenuated. This is again caused by the nonlinear phase
characteristics near the transition band. Phase linearity is
crucial in rheogram extraction.
3.5 Discussion
Drift filters have been found useful in removing respiratory
baseline drift in ECG (Leung, 1980). However, the method is found
inapplicable here. Very high order FIR filters can remove
artefact with no distortion. Direct implementation may not be
economical. Fast FIR filtering algorithms (e.g. Mou and Duhamel,
1987) is an alternative. Low order IIR filters can remove
artefact but they suffer from phase distortion. Pade
approximation technique may be used (Rabiner and Gold, 1975) to
obtain a low order IIR filter while maintaining good phase
linearity,
Use of fixed linear phase digital filters to .extract
rheograms has two limitations. In general, the human respiratory
rate may range from 2 to 50 breaths per minute. The signal
spectrum can lie between 0.1Hz and 10Hz (Olson, 1978). Rheograms
have a bandwidth of about 15Hz. The spectra of rheograms and
artefact overlap and make artefact removal by fixed digital
filters not very effective.
Human respiration rate and heart beat vary from one person
to another. Different cutoff frequencies are required for
different subjects in order to remove the artefact as much as
possible. Patients having lung diseases breath very fast
(tachypnea). Atheletes have slow heart beat (bradycardia).
Changing the filter's cutoff frequency in these cases requires a
complete re-calculation of the filter's coefficients. The fixed
digital filter approach is not offering a flexible solution to
the artefact removal problem.
The filtering method recovers .the rheograms from the
knowledge of the rheogram's frequency spectrum. The frequency
spectrum defines the cutoff frequency of the filter. A digital
filter design program then generates a corresponding set of
filter coefficients. The measured rheogram convolves with this
set of filter coefficients to give clear rheograms. Figure 3.8
shows how the filtering method solves the problem of figure
2.8(a).
Figure 3.1 The power spectral density of rheogram.
Note the dominant components at d.c. and at 0.2Hz.
(a) Rheogram obtained from drift filter with fc=0.8Hz
(b) Rheogram obtained from drift filter with fc=lHz
Figure 3.2 Filtering off respiratory artefact by
the drift filters proposed by Leung.
(a) The amplitude response
(b) The phase response
Figure 3.3 The frequency characteristics of drift filter,
for a few values of af. The phase is highly nonlinear
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(a) The 113th order filter
MAGNITUDE RESPONSE


















1.000 0.0018 0.8820 0.8030 0.0040 8.0950
FREQUENCYIN KILOHERTZ
(c) The 213th order filter
Figure 3.4 The amplitude responses of three FIR filters
used to remove respiratory artefact.
(a) Rheogram output from 113th FIR filter
(b) Rheogram output from 133th FIR filter
lr) Rhdnrrraffl rmlrmf frnm OA nrripr FTP f-ilt-pr
Figure 3.5 Rheograms obtained from the three fixed
FIR filters with specifications shown in table 3.1.
MAGNITUDE RESPONSE
(a) Amplitude response of the Butterworth filter
PHASE RESPONSE
(b) Phase response of the Butterworth filter
MAGNITUDE RESPONSE
(c) Amplitude response of the Chebvschev II filter
PHASE RESPONSE
(b) Phase response of the Chebyschev II filter
Figure 3.6 Amplitude and phase responses of two IIR filters
used to eliminate respiratory artefact.
(a) Rheoaram output from the Butterworth filter
(b) Rheoaram output from the Chebyschev II filter
Figure 3.7 Rheograms obtained from the two
fixed IIR filters.
Figure 3.8 The fixed filter solution to the respirator
artefact elimination problem in figure 2.8(a).
Signal averaging is an old technique. It has been widely
used in extracting repetitive pattern of waveforms out of noisy
signals in electroencephalographic studies since the late 1950s
(Brazier, 1962). The method also finds applications in extracting
other biomedical signals such as fetal ECG (Greene, 1983) and
His-Purkinje activities (Flowers et al., 1974). Use of signal
averaging in impedance plethysmography is not new too. Chapter 1
has given a brief review on it.
4.1 Signal-to-Noise Ratio Improvement
The signal-to-noise ratio (SNR) is a common index used to
describe a noisy signal. It is defined as the ratio between the
desired signal power and the unwanted noise power. Let the two
Rheoaram Extraction bv Signal Averaging
Chapter 4
So far, the signal averaging method has often been
• f
considered as a statistical process (Aunon et al., 1981; Cohen,
1986). In fact it can be viewed as a special type of digital
filter with defined transfer function in the Z-domain. This
chapter begins with the analysis and interpretation of signal
averaging using the Z-transform. Such an analysis together with
the interpretation, which has been absent in the past, provides
insight into this old but useful technique. Discussion on how it
is used in lung rheogram extraction then follows. The suitability
and limitations of the method in impedance lung rheography are
presented in the last section.
quantities be Pg and Pn respectively. The SNR can be expressed as
The noise performance of common electronic systems are
usually described by noise figure. In noise reduction systems,
however, the noise figure description becomes inappropriate.
Signal averager is an example of such systems. These systems are
removing noise and their output SNR are greater than the input
SNR. Another quantity, called the SNR improvement, is more
suitable in describing them. It can be defined as:
This quantity is greater than 1 in a noise reduction system.
In cascaded systems, SNRI of individual building blocks can be
multipled to give the overall SNRI.
Expressing the SNRI more explicitly,
SNR improvement (SNRI)
where Pg and Pg0 are the signal powers at the input and output
respectively. Similarly, Pn and Pno are the noise powers at the
input and outnut respectively.
4.2 The Sicrnal Averaaer as a Filter
In signal averaging, a measured noisy signal, believed to
contain a periodic signal, is repetitively scanned and summed for
a number of sweeps (or cycles). The initiation of each of these
sweeps is synchronised by a time-related signal. This
synchronising signal must have the same frequency as the periodic
signal to be obtained. Through the process, periodic signals are
enhanced while noises are suppressed. Figure 4.1 shows the
process diagrammatically. The improvement in signal to noise
ratio can be derived using statistical methods (Cohen, 1986). If
p cycles are used in averaging, the SNR improvement is p. This
technique is sometimes called 'Time Coherent Averaging' as the
averaging operation is coherent to a periodic time base.
Statistical analysis can give the SNR improvement, but it
cannot tell what happens in the frequency domain. The following
sections show how Z-transforms can help understand the process
more clearly.
4.2.1 The transfer function of signal averager
Refering to figure 4.2, The sampled input signals x[n] are
separated into cycles with length of N samples according to the
coherent time mark, p cycles of these signals are then averaged
to obtain the output signal y[n].
Let N= number of data points in a cycle
p= number of cycles used for averaging
fs= signal sampling rate
T= coherent time mark period or
ft= coherent time mark frequency
then
At the nth instant,
(4.2)
Taking the Z-transform and rearranging the equation,
(4.3)
If N= 1, i.e. adjacent points are taken for averaging, then
which is the transfer function of a moving average filter.
The frequency responses of equation 4.3 with N=3, p=4 and 6
are plotted in figure 4.3. There are 3 unity gain passbands
within the 0 to n range (two half-passbands at the boundary are
counted as one passband). They are equally spaced. The passbands
shink and the stopbands attenuate as p increases.
4.2.2 The SNR improvement
The well known fact that the SNR improvement in signal
averagers is p can be derived using equation 4.3.
Assume that white Gaussian noise is interfering the signal
An example of the noise spectrum before and after signa
averaging is shown in figure 4.4.
As the spectrum repeats itself at nN, without loss of
generality, only the frequency range 0 to nN is considered in
the derviation.
The input noise power to the averager is
After filtering, the noise power Pno, from the averager
within the frequency range of 0 to nN is
(4.4)
by Parseval's theorem (Oppenheim and Schafer, 1975). h(n)s are
the impulse responses of H[Z]. They are all equal to 1p from
equation 4.2. Hence,
As the signal lies in the passbands of the signal averager,
its power remains unchanged before and after averaging. Thus the
SNR improvement is
4.2.3 A qualitative interpretation of signal averaging in the
frequency domain
Figure 4.3 shows that the signal averaging process extracts
only frequency components located at ft and its multiples. The
coherent time mark acts to inform the filter of the signal's
fundamental frequency. Upon knowing this information, the filter
builds sharp passbands at the fundamental and harmonic
frequencies of the signal.
Signal averaging smooths out any instantaneous variation
appearing in the waveform. Instantaneous waveform variations do
not appear periodically and so do not have frequencies equal to
the fundamental and harmonics of the synchronising time mark. The
frequency components of these variations lie in the stopbands of
the averager's amplitude response and are attenuated..
Signal averaging offers no phase distortion. This can be
seen from equation 4.2. The process is actually a FIR filter with
symmetrical impulse responses. This property explains why the
technique is so oftenly used in biomedical signal processing
where signal distortion is normally unacceptable.
In the statistical analysis of the technique, it is often
assumed that signal and noise are additive. In fact, signal
averaging still works even if signal and noise are
intermodulated.
Assume that the signal s(t) and noise n(t), having
fundamental frequency ws and wn respectively, are mixed to give
the observed signal z(t) such that
Here, signal and noise are represented by Fourier series.
Unwanted frequency components lie at kws± jwn. Signal averaging
extracts frequency components of kws only. Thus signal averaging
is applicable only when wn and wn±ws are not integer multiples of
wg and when nQ is non-zero.
The first case means that no noise component or other
components generated by intermodulation must lie on the passband
of the filter spectrum.
The case nQ 0 means that the noise must have a dc
component. So,
n0 acts as a scaling factor to the signal. The latter term is
filtered.
4.3 Averacrincr the Rheoaram
In impedance lung rheography, blood flow information is
,• f
buried in the respiratory artefact. Heart beat and respiration
have no correlation. As the rheogram originates from cardiac
activities, ECG can be used as a synchronizing time mark for
•
averaging.
When averaging technique is used in rheograms, two
parameters have to be determined. They are the number of cycles
used for averaging (p) and the data points within a cycle (N).
The choice of p depends on two conflicting requirements. On
the one hand, p should be large in order to eliminate the
respiratory artefact effectively. On the other hand, use of large
p in the averaging operation will obscure the observation of
instantaneous waveform variation that may occur due to irregular
heart beat such as arrhythmia. In view of these two factors, p is
chosen to be 15. Figure 4.5 shows the rheogram cycles obtained.
To define a cycle in the impedance lung rheogram, the .QRS
complex of the ECG is chosen as the time mark due to its
distinguished feature. Unlike the stimuli-response study ir
electroencephalographic study where stimuli come from a stable
periodic source, human heart beat varies. It is found that
rhythmic variation of heart rate occurs at the frequency of
respiration (heart rate accelerates during inspiration and
decelerates during expiration). This phenomenon is called
respiratory cardiac arrhythmia (Berne and Levy,, 1977).
Psychological factors affect instantaneous heart rate too.
Rheograms are sampled with a constant sampling rate. Heart beat
fluctuation (and hence time interval variation between
consecutive QRS complexes) changes the number of rheogram data
points in each cardiac cycle changes. The choice of this number
for averaging within the p consecutive cycles becomes difficult.
N is chosen adaptively in impedance lung.rheogram averaging.
Whenever the averaging process is working on the i R-wave to
the (i+p)th R-wave, N is chosen to be the number of data points
between the ith R-wave and the (i+1) R-wave. Execssive data
points in long ECG cycles are ignored. In short ECG cycles, data
points from the cycle that follows are used. Figure 4.6 shows how
this is done.
In the rheogram, the a-wave is ahead of the QRS complex of
the ECG. As N is always changing from cycle to cycle, waveform
uncertainity occurs between the preceeding T-wave and the current
QRS complex. This uncertainty obscures the a-wave and make
measurement of the Q-b interval during rheogram analysis
impossible.
Pre-triggering can be used to recover the rheogram a-wave.
The beginning of the cycle is defined to be a certain time ahead
of the QRS complex while maintaining the cycle length unchanged.
This method sacrifices the waveform fidelity at the end of the D-
waves and affects the measurement of the s-b interval.
4.4 Discussion
Using Z-transform approach, it is found that signal
averaging is a special digital filter with defined transfer
function. The SNR improvement can be obtained from the filter
transfer function. Characteristics of the process which are not
obvious in statistical analysis can be observed from the
frequency domain responses of the filter.
With the help of ECG, rheograms can be extracted using
signal averaging. Comparing the waveform with that obtained by
FIR filters in section 3.2, the process gives no phase
distortion. This is one of the reasons why the method is so
popular in biomedical signal extraction.
The signal averaging technique depends entirely on the
availability of the ECG QRS complex for event marking. Thus a
rubust real-time QRS detector such as that suggested by Pan and
Tompkins (1985) may be required.
This approach of extracting rheograms suffers all the
disadvantages of signal averaging. Large computational burden and
storage requirement are demanding to the processing computer.
Long time dely and attenuated waveform abnormalities make
clinical diagnosis and monitoring inconvenient.
Signal averaging has other limitations when used in rheogram
extraction. Its dependence on ECG for defining cycles in
averaging makes the method unsuitable for patients having cardiac
arrhythmias. ECG in patients having second degree heart block may
have dropped QRS complexes after the T-wave. Patients with
premature ventricular contraction (PVC) have ECG containing















Figure 4.2 Notations used in analysing the
signal averaging process.
Figure 4.3 The frequency response of signal averager
with N=3, p=4 and 6.
Figure 4.4 The power spectrum of signal averager, N=3, p=4.
RHEOGRAM-
ECG











... cycle i+2 cycle i+3
Figure 4.6 Choice of N in averaging rheograms.
Chapter 5
Extendina the Sicrnal Averaging Technigue
Signal averaging is a sequential process. Many cycles of
waveform data are stored before averaging is performed. In fact,
the process can be made parallel. Instead of saving the data
before averaging, an array of N averagers may be used. Each data
point within a cycle is sent to a different averager for
averaging with the data point at the same position in other
cycles. This means' each averager performs averaging on specific
data points within cycles. Thomas et al. proposed this idea in
1982. However, they addressed the problem in a qualitative way
only.
In this chapter, the parallel structure of the averager is
studied in a more vigorous way. A polyphase network, which
originates from the parallel structure, is used to analyse the
•
signal averaging process. Some properties of the network not
obvious from the qualitative discussion of Thomas et al. (1982)
are derived. Use of recursive filters as functional blocks in the
network other than non-recursive ones are studied. Application of
recursive filters in the parallel structures on rheogram
extraction are shown. Discussion of the effect of quantization
noise on signal averagers then follows. Comments on the signal
averagers are given in the last section.
The work reported in this chapter deepens the work of Thomas
et al. by providing it with a theoretical basis as well as a
practical example.
5.1 A Parallel Approach to Signal Averaging
Figure 5.1 shows the parallel approach to the averager
structure. The structure can be made to change simply by putting
different transfer functions between the two commutators. Use of
moving average filter is only a special case. Thomas et al.
(1982) called this structure the filter averager. Here, study of
the averager starts with its transfer function.
In figure 5.1, the input waveform is sampled at fs but the
filters in the array are actually working at f. The clockwise
commutator can be represented by a polyphase N-to-1 decimator.
Similarly, the counterclockwise commutator can be represented by
a polyphase 1-to-N interpolator (Crochiere and Rabiner, 1983).
The relationship between fs and ffc is
(5.1)
The signal flow diagram is shown in figure 5.2. Refering to
the notations in the diagram, at the i1 filter stage,
(5.2
The output of the decimator is (Crochiere and Rabiner, 1983)
(5.3)
The filter block gives an output of
(5.4)
After passing through the interpolator, the output becomes
(Crochiere and Rabiner, 1983)
(5.5
Combining equation 5.2 to 5.5 gives
(5.6)
Therefore, the overall output of the network in figure 5.2
is
It can be shown that (see appendix 2) the above expression
can be reduced to
(5.8)
or,
where F[Z] is the transfer function of the network.
Equation 5.8 has several characteristics. Firstly, no
assumption is made on H[Z] in the derviation. H[Z] may be any
filter transfer function. Secondly, once H[Z] is selected, the
overall response of the resulting filter can be easily found-
substituting Z in H[Z] by ZN and multiply by Z~N+1 gives the new
transfer function. Lastly, there is a term Z~ at the
beginning. It represents the delay of the transfer function.
H[Z] is a moving average filter in conventional signal
averaging,
When it is used in the filter array of figure 5.2, the transfer
function of the network becomes
(5.9)
The difference between this equation and equation 5.3 is the
term Z. This term does not affect the magnitude and phase of
F [Z].
5-2. Pha.?p nf the Filf-pr Svpranpr
Chapter 4 has shown that conventional signal averaging has
linear phase characteristic. It can be proved that this is true
for all transfer functions when they are used in the network.
Putting Z= eJW into F[Z] in equation 5.8,
p. 56
Now,
As mentioned in chapter 4, ft is the fundamental frequency
of the signal that is being extracted. The harmonics of the
signal are integer multiples of ft, i.e. f=kft for some integer
k. So for the passbands at the harmonics of the signal,
and
Equation 5.10 becomes
which depends linearly on the input signal frequency.
Again, in the derivation, no assumption is made on H[Z],
which means that the phase response is the same for any filter
type. Recursive filters, which often introduce phase distortion
to signals, may be used in filter averager in light of this
result.
5.1 Non-recursive Filters in Filter Averacrer
It has been discussed that conventional signal averager is a
filter averager employing moving average filters in the transfer
function. Here, use of general non-recursive filters in the array
is considered. Attempts are made to find out:-
1. the SNR improvement for a general non-recursive filter
and
2. the optimum non-recursive filter (in terms of SNRI) for
use in the filter averager.
5.3.1 SNR improvement in non-recursive filter averager
The transfer function of a p order non-recursive filter is
When H[Z] is used in filter averager, the overall transfer
function becomes
Assuming white Gaussian noise interference, the input noise
power within the frequency range 0 to nN is
Proceeding as in chapter 4, the output noise power pno (after
passing through the filter averager) within the frequency range
of 0 to nN is
This results from Parseval's theorem (Oppenheim and .Schafer,
1975). Again, the signal power does not change after filtering,
the SNR improvement is therefore
(5.11)
5.3.2 Optimum non-recursive filters in filter averager
If a non-recursive filter averager is to have passbands at
the fundamental and harmonics of the signal, it must be a low
pass one. This requirement gives
(5.12)
That is,
An optimum non-recursive filter gives maximum SNRI subject
to the above constraint if it is used in the filter array in
figure 5.2. This means that a can be found by minimizing
subject to equation 5.11.
The optimization problem gives
These are the coefficients of a moving average filter (see
section 4.2.1). Thus the moving average filter currently in use
in signal averaging is the best non-recursive filter in terms of
SNR improvement.
5.4 Recursive Filters in Filter Averager
Thomas et al. (1982) proposed the use of recursive filters
in filter averager. They gave formulas for the first and second
order recursive filters that can be used in the filter averager
but they made no mathematical justification on the new structure.
The physical meaning of the proposed structure was not clear. In
this section, this type of filter averager is considered in
detail.
5.4.1 The averager with recursive filters
A first order recursive filter for use in filter averager is
presented as a typical case. The relation between the filter
cutoff frequency and the averager sampling frequency is
explicitly shown.
A first order low pass analog filter has the transfer
function
(5.13)
where wQ is the cutoff frequency of the filter
To obtain a low pass filter from the transfer function,
bilinear transformation
(5.14)
is used (Stanley et al., 1984). ft is the sampling frequency of
the digital filter and it is related to fs by equation 5.1.
Substituting equation 5.14 into equation 5.13,
(5.15)
If the -3dB frequency of the digital low pass filter is to
be fc, then,
The low pass filter operates at sampling rate ft. fc cannot
be greater than f t2. Let
Thus
(5.16)
The filter cutoff frequency is expressed as a fraction of
the sampling frequency. The smaller the value of p, the lower the




This is identical to equation 12 of Thomas et al. (1982)
with the simplifications R= 1 and wQ= np. Separate
consideration of R and wQ as in Thomas et al. (1982) is not
necessary. Wq must be a fraction of R.
Putting this filter into the filter averager, the overall
transfer function becomes F[Z] and
(5.18
The term Z~N+1 can be discarded (see section 5.1). Similarly, the
transfer function F[Z] of a second order filter can be found to
be
Higher order filters can be built by cascading F[Z] and
F2[Z] with different values of a. The frequency responses of a
first order filter averager and a third order filter averager
using N=3, p=0.2 are shown in figure 5.3.
5.4.2 The SNR improvement
To compute the SNR improvement of the recursive filter
averager, white Gaussian noise interference is again assumed. The
input noise power to the averager is
The averager output noise power Pno within the frequency
range of 0 to nN is
and the SNR improvement is
. (5.19)
Equation 5.19 shows that SNRI depends on p. The equation
cannot be computed analytically. The SNRI is computed for a range
of p using numerical methods. These values are plotted in figure
5.4. The graph shows that SNRI may be made arbitrary large by
choosing p small. It can also be seen from 5.19 that
However, there is a practical constraint on the choice of p.
Rewriting 5.18 in the following way,
where Y[Z]= the Z-transform of the output from filter averager,
X[Z]= the Z-transform of the input to filter averager,
Taking the inverse Z-transform,
• (5.20)
Figure 5.5 shows the physical meaning of this time
difference equation. The current output cycle is the scaled sum
of the current and previous input cycle minus a fraction of the
previous output cycle. If p- 0, then A- 0 and B- -1.
Current output, waveforms will have diminishing dependence on
input cycles. It depends almost entirely on the previous output
cycle.
Equation 5.20 therefore shows that though the SNR
improvement can be made large by choosing p small, the ability of
the filter averager to reflect instantaneous waveform change is
sacrificed. Similar analysis holds for higher order filters. For
instance, if a second order filter is used,
where
and
Again if p- 0, then A- 0, B-- -2 and B2- 1, giving
p.66
makincr the current output cycle independent of input cycles.
5.4.3 Higher order recursive filters in filter averager
There may be an intuition that higher order recursive
filters give better SNR improvement. This is not so.
The SNR improvement of a filter when first to fifth order
recursive low pass filter are used in the filter array are
computed for a range of p. Results are plotted in figure 5..6. The
graph shows that first order recursive filters give lower SNR
improvement at low p. Second and higher order recursive filters
give approximately the same improvement. This can easily
understood from figure 5.7. For fixed p, the relative magnitude
of areas A and B determine the gain and loss of SNR improvement.
It can be concluded that recursive filter's order higher than two
is not worthwhile in filter averager.
5.5 Quantization Noise in Filter Averager
Signals must be quantized before they can be processed by
filter averagers. This is done by a quantizer (which is an AD
converter). The quantizer rounds off the sampled values of the
continuous signal to the nearest permitted quantizing level. The
discrete nature of the quantizer introduces uncertainty in the• %
quantized signal. If the quantizer has a step size of 5, this
uncertainty is within -52 and 52. Its effect on the sampled
signal can be considered as if it were an additive independent
noise source with zero mean and finite power of 5 12 (Haykin,
1978).
Quantization noise affects the overall performance of the
filter averager. The noise adds to the signal before the filter
averager. Figure 5.8 shows the equivalent block diagram.
Let the input noise to the quantizer be white Gaussian type,
its power (let it be P) is 1. The quantizer output noise power
(let it be Pqo) becomes
(5.21)
The signal power does not change when it passes through the
quantizer. Thus, the quantizer has a SNR improvement (SNRI) of
(5.22)
If the filter averager has a SNRI of R, then the overall SNR
improvement of the filter averager, taking into account the
effect of quantization noise, becomes (see section 4.1)
(5.23)Overall SNR improvement
This is the same as Gaumond's result who derived it from a
statistical viewpoint (Gaumond, 1986). This result is true only
if the following assumptions made in finding Pq0 are true
(Haykin, 1978).
1. The quantizing error is uniformly distributed.
2. The quantization is fine enough (n6) to prevent signal-
correlated patterns in the quantizing error waveform.
3. The ampllitude is aligned with the amplitude range ~4Arms
to 4arms-
Parker (1987) gave the corresponding SNR degradation when
the second assumption fails.
It can be noted from equation 5.23 that in general, the
smaller the quantizer step 5, the smaller the degradation on the
overall SNRI of the filter averager.
5.6 Artefact Removal bv Recursive Filter Averacrer
Chapter 4 shows the use of conventional signal averaging in
rheogram extraction. Here, recursive filter averager is applied
to rheograms. Its results are compared with that obtained from
the conventional method described in chapter 4. In the test, a
fifth order moving averager is used as the non-recursive filter.
A first order Butterworth filter with p=0.16 is used as the
recursive filter for the averager. The two systems are such that
they give the same SNR improvement theoretically.
Figure 5.9 shows the results obtained by the two methods.
The two results show little difference.
Figure 5.10 shows the transient performance of the two
averager. Both systems give clear rheograms after about 5 cycles.
Figure 5.11 shows the effect of input waveform abnormalities
on averager output. In the test, waveform abnormalities come from
tape jitter during playback. Obviously, the two systems respond
differently. Abnormalities from the conventional averager appear
in five consecutive cycles. The abnormalities are equal. In
recursive filter averager, abnormalities amplitude increases
gradually and then diminishes to zero within about five cycles.
This difference may be explained by the fact that the two filters
used in the averager have different impulse responses.
An important conclusion from the above comparisons is that
though normal recursive filters have nonlinear phase
characteristics, they give no phase distortion to input waveforms
when used in the filter averager. This agrees with the proof in
section 5.2.
5.7 Discussion
The major disadvantage of the signal averaging technique is
its inability to reproduce input waveform abnormalities
faithfully. As discussed in section 4.2.3, the reason that these
instantaneous waveform abnormalities are attenuated is that they
have frequency components lying outside the filter's passbands.
The number of passbands within the frequency range 0 to ft must
be increased in order to retain the waveform abnormalities. The
side effect is that the corresponding SNR improvement decreases.
The number of passbands can be improved by increasing the period
of the coherent time mark.
In some situations, the coherent time mark period variation
is impossible. Rheogram extraction is an example. An intuitive
alternative is to define the averaging cycles by two or more R-R
intervals.
Use of special filters in the filter array is a less obvious
alternative. When high pass filters are used in parallel with low
pass filters, the number of passbands doubles. In general,
filters with multiple passbands may also be used. Figure 5.12
shows this method.
Note that increasing the sampling rate or increasing the
number of points within an averaging cycle cannot increase the
number of passbands of the averager. The number of passbands is
dependent on the frequency of the coherent time mark only.
In filter averagers, linear phase is guaranteed in section
5.2 only when the coherent time mark is periodic. In rheogram
extraction, heart beat varies and hence the time mark period
fluctuates. Ruchkin (1965) studied the transfer function of
signal averaging with aperiodic time marks using statistical
approach. He found the resulting transfer function to be a low
pass filter. However, he did not study the phase characteristics.
The experimental results from section 5.6 suggested that phase
linearity property is maintained. This conjesture awaits
theoretical justifications.
Compared with the conventional signal averager, filter
averagers using recursive filters require much less storage. This
is exchanged by an increase in computational complexity. For
instance, in a filter averager with first order Butterworth
filters, equation 5.20 shows that two multiplications and two
additions are needed in each cell of the array. A and B are not
integers and real numbers are involved in the computation.
Hardware complexity increases. Fortunately, designers can go
around this problem by rounding A and B to integer multiples of
l2r~ where r is the processor's word length. This choice
reduces multiplications into add-and-shift operations. The need
of floating point arithematic units can be avoided.
Signal averaging solves figure 2.7(a) in an interesting way.
In this technique, the ECG provides the rheogram's fundamental
frequency to the filter averager. The filter averager then
extracts rheograms by building passbands at the rheogram's
fundamental frequency and its harmonics. Here, the passbands are
deduced from low pass filters whose transfer functions are
predetermined. The operation is still convolution. Figure 5.13
shows the method.







Figure 5.1 The parallel approach to signal averaging.
The distributor and multiplexor are synchronised












Figure 5.2 The signal flow graph of a signal averager.
Here, D=decimator, I=interpolator, T=unit delay.
Figure 5.3 The frequency responses of two recursive
filter averagers. In both cases, N=3, p=0.2.
Figure 5.4 Ths change of SNR improvement when p varies
in recursive filter averager.
Figure 5.5 What a recursive filter averager actually
means in the time domain.
Figure 5.6 The change of SNR improvement when the
filter order used in the filter array of the
filter averager changes.
Figure 5.7 The gain and loss of SNR improvement when
high order recursive filters are used in the filter averager.
Figure 5.8 Effect of quantization noise on
a filter averager in general.
(a) Rheograms from conventional signal averager
(b) Rheograms from recursive filter averager
Figure 5.9 Comparison of rheograms obtained by the two filter
averagers. The upper trace is rheogram. The lower trace is




(b) Recursive filter averager
Figure 5.10 Change of rheogram at the first few cycles in
the two averagers. Again, rheogram is shown on the top.
ECG is shown at the bottom.
(a) Conventional averager
(b) Recursive filter averager
Figure 5.11 How the two filter averagers response to
waveform abnormalities. Rheogram is shown on the top.
















Figure 5.12 Passbands may be increased by using a high pass















Figure 5.13 The filter averager solution to the rheogram
extraction problem in figure 2.8(a).
Chapter 6
Rheogram Extraction by Artefact Cancellation
In an artefact contaminated rheogram, the rheogram seems to
add on the respiratory waveform. The respiratory artefact may be
cancelled if a signal closely related to it can be obtained.
The adaptive noise cancellation method presented in this
chapter is based on this principle. The requirements on and
possible ways of obtaining the signal related to respiration are
first discussed. Respiratory inductive plethysmography (RIP) is
found useful in this application. The principle of adaptive noise
canceller (ANC) is then described. Results of its application to
rheogram extraction in some subjects are reported. The rheogram
variations appearing in some clinical cases are discussed. The
cancelling signal in the ANC, which is free of cardiac artefact,
has been verified to come from right lung ventilation through
animal experiment. This fact implies that the ANC is also
removing the blood flow component from impedance pneumograms.
Possible application of the cancelling signal in regional lung
ventilation measurement is discussed. Practical implementation of
the ANC is also considered. Further discussion on the results is
given in the last section.
6.1 Requirements of the Cancelling Signal
The success of the artefact cancellation method depends on
the choice of suitable cancelling signal. If the artefact in the
rheogram is to be cancelled by a respiratory signal, the
respiratory signal and the way of obtaining it must have at leas
three properties.
Firstly, the method of obtaining the signal should maintain
all the important advantages of impedance lung rheography. The
most important property is its non-traumatic nature. Otherwise,
impedance lung rheography will have no distinct advantage over
other invasive methods of measuring pulmonary circulation.
Secondly, the signal must be known to have good correlation
with the respiratory artefact present in the rheogram. Ideally,
the relationship is a linear one to minimize complications in
signal processing for cancellation. A more realistic possibility
is that a linear transfer function exists between the respiratory
signal and the artefact.
Thirdly, the signal should contain no other information
except respiration. A rheogram contains blood flow and
•
substantial respiration information. If the cancelling signal
contains other fast changing physiological events other than
respiration, part of the rheogram blood flow information wiil be
lost during cancellation.
Spirometry is the most common method in respiratory
measurement (Primiano, 1978). A subject breathes through a
mouthpiece. Inspired and expired air go through the mouthpiece to
a chamber for volume measurement. See figure 6.1. The method
gives accurate respiratory volume but it cannot be used in
artefact cancellation. The reason is that the chamber is sealed
and expired air is rebreathed. This is not suitable in patient
monitoring,
Pneumotachograph is another convenient way of measuring
respiratory volume (Primiano, 1978). The measurement method is
similar to spirometry. A subject breathes through a mouthpiece.
Air flow is then measured by a flowmeter. Integration of the flow
signal gives the tidal volume. Unlike spirometry, the subject
needs not rebreath the expired air. However, this method is also
unsuitable in rheogram extraction application. Use of mouthpiece
introduces dead space to the respiration system. The mouthpiece
increases the airway resistance of the subject. In clinical
applications, device mounting and subject movement can affect the
measurement process. Use of mouthpiece and noseclip is found to
affect respiration frequency and tidal volumes too (Perez and
Tobin, 1985). Moreover, drifts are common when a continuous
signal is obtained by integrating the slowly varying flow signal.
Airflow measurement by thermistor is a simpler method
compared with the pneumotachograph. Thermistors can be placed at
the nostils to detect air flow by sensing the temperature of
inspired and expired air. The major disadvantage of this method
is that the tidal volume can no longer be obtained by direct
integration of the nasal temperature. The nasal temperature from
thermistor is not a direct representation of the true air flow.
Epstein and Epstein (1978) have related the tidal volume to the
nasal temperature for a subject breathing in a confined chamber
during their investigation on the use of barometric' pressure
change to deduce tidal volume. The relation shows that the tidal
volume depends not only on nasal temperature, but also a number
of other factors (including air pressure, water vapor pressure,
breathing pattern, etc.) even in a confined chamber. Furthermore,
the thermistor has a slow response to airflow. The device may not
be able to track airflow in patients having tachypnea. Adults are
not nose breathers either.
Electrical impedance pneumography has been used in many
situations for the measurement of respiration and ventilation
(Baker, 1979). This is not a good method of obtaining the
respiratory signal for artefact cancellation for two reasons. The
signal has been found to contain cardiac artefact (Goldensohn and
Zablow, 1959; Wilson et al., 1982; Newton et al., 1983). Logic et
al. (1967) have found that the relationship between the lung
volume and impedance change is linear only at certain electrode
locations. This may complicate the existing problem of electrode
positioning as discussed in chapter 2.
Recently, a new method has been developed and found useful
in ambulatory monitoring of respiration. It .is the respiratory
inductive plethysmography (RIP). The next section describes this
method.
6.2 Resniratorv Inductive PlethvsmocrraDhv (RIP)
Long in 1967, Konno and Mead have shown that human
respiratory system can be considered as a simple physical system
with two independent moving parts, the rib cage and the abdomen.
The total respiratory volume is the sum of the volume
contributions from each of the two compartments. RIP works on
this principle. It measures respiratory activities by monitoring
the rib cage and abdominal compartmental volume changes coming
from respiration by inductive methods.
Figure 6.2 is a block diagram of the RIP system (Cohn et
al., 1978, Watson, 1980). Respiratory volume changes are sensed
by two inductive transducers. The transducer is formed by
attaching zig-zag coils of wires to an elastic bandage. The two
transducers are placed at the rib cage and abdomen separately.
The coils act as the components of two oscillators. During
respiration, volumes (as well as cross-sectional areas) change at
the two regions. The coils' inductances therefore change and so
do the frequencies of the two oscillators. The varying oscillator
frequencies are then demodulated, scaled and summed to give the
total respiratory volume.
The method is non-invasive. RIP makes use of the body
dimensional change to deduce respiration volume. Body circulation
cannot produce significant dimensional change to be detected by
RIP. The placement of transducers does not require trained
personnel. Studies have shown that the technique is also valid in
patients with lung diseases (Tobin et al., 1983).-
RIP appears to be a good method to obtain signal for
respiratory artefact cancellation in rheograms among the popular
respiratory measurement techniques.
6.3 Adaptive Noise Cancellation in Rheogram Extraction
Adaptive noise canceller (or simply ANC) was first proposed
by Widrow et. al (1975). Since then, it has been applied to many
biomedical signal processing problems. Examples include the
elimination of hum interference in ECGf the cancellation of
maternal ECG from fetal ECG (Widrow et al., 1975), and the
extraction of His Bundle Electrogram (Al-Nashash et al., 1988).
6.3.1 Theory of adaptive noise cancellei
Figure 6.3 shows the basic problem and the ANC solution tc
it. The notations follow that of Widrow et al. (1975).
The primary input composes of signal (s) and noise Uq). The
reference input is noise n- which is uncorrelated with the signal
but correlated with nQ in some unknown way. A filter is used to
generate y from n- such that y should be as close to nQ as
possible. The filter is found by some- adaptive algorithms based
on the time varying input signal properties.




Taking expectations on both sides and realizing that s is
uncorrelated with nQ and with y, equation 6.2 becomes
(6.3)
If the filter is adjusted so that it minimizes power at the
o
canceller output, E((nQ- y)) is minimized. The signal power is
not affected. Meanwhile, the filter output y becomes the best
least mean square estimate of nQ. The signal comes out at th
canceller output.
According to Widrow et al. (1975), the single reference ANC
can be extended to include multiple reference inputs when more
than one interference in the signal is to be cancelled and a
number of linearly independent reference inputs known to be
correlated to these interferences are available. Figure 6.4 shows
this structure.
( ANC normally use FIR filters in the reference paths. See
figure 6.5 Use of IIR adaptive filters reduces filter order.
However, they usually require complicated adaptive algorithms
(for example, Friedlander, 1982) and stability must be checked
after every adaptation.
It can be proved (see appendix 3) that the weights of the
FIR filter in figure 6.5 can be adapted according to the LMS
alcrorithm criven as
where w[n] is the kth weight after n samples,
xtn] is the reference signal at the kth delay after n
samples,
e[n] is the error signal after n samples and
p is the convergence factor.
The convergence factor plays an important role in the
performance of the adaptation process, p controls the stability
of the adaptation process. Improper choice of p causes the
algorithm to diverge, p also controls the rate of convergence and
the steady state error (the error between the present canceller
output and the ideal canceller output) of the process. If p is
large, w converges quickly to its optimum value. The drawback is
that large steady state error results. If small p is used, w
converges to its optimum value in a long time. The advantage is
that the steady state error is small. There is a theoretica]
upper and lower bound for p (see appendix 3). In practice, p is
chosen empirically. Widrow et al. (1976) have done a detai
analysis on the characteristics of this adaptive algorithm.
6.3.2 Using adaptive noise canceller in rheogram extraction
In respiratory artefact elimination application, the
measured rheogram forms the primary input. The respiratory signal
from the RIP forms the reference input.
As discussed in section 6.2, the respirat.ory signal from RIP
(SUM) is a scaled sum of the rib cage signal (RC) and the
abdominal signal (ABD). That is,
(6.5)
where k and k2 are the scaling factors to be found by
calibration. They are also called volume-motion coefficients.
Direct use of the SUM signal in the ANC has one major
disadvantage. Calibration is needed each time before measurement
is performed. However, most of the calibration procedures require
subject co-operation (Chadha et al., 1982). The method of Stagg
et al. (1978) does not need subject co-operation but is less
accurate (Chadha et al., 1982).
In view of this, the multiple reference ANC is used. Since
RC and ABD are independent, they can be used as separate
reference inputs to the canceller. By doing this, the calibration
constants are incorporated into the gains of the adaptive
filters.
The method is tested using two 50 order FIR filters in the
reference signal paths. LMS algorithm works on signals with zero
mean only. Bias weight can be used to eliminate the d.c. of the
input signal but it requires additional computation for
adaptation. The d.c. notch filter (f_= 0.06Hz, or a =0.97)
suggested by Leung (1980) is used instead (same as the drift
filter described in chapter 3). This filter can be designed to
reduce floating point multiplications to simple add-and-shift
operations by suitable choice of coefficients. Delay equal to
half of the filter order is inserted at the primary input, p. is
chosen to be 0.000000001. Figure 6.6 shows the configuration.
6.3.3 Rheograms obtained from ANC
Figure 6.7 shows the rheogram obtained from a healthy young
male subject. Figure 6.8 shows the rheogram from a patient having
right pneumothorax. The rheograms obtained from signal averaging
and during apnea are included for comparison. The respiratory
artefact is greatly attenuated. Rheogram cycles that are
invisible at the rising and falling edges of respiration cycles
are recovered. Rheograms obtained from the canceller are similar
to that obtained from signal averaging. Use of higher order
filters in the reference paths do not show significant
improvement in output signal quality. More clinical results can
be found in appendix 4.
Some baseline fluctuation still appear in the rheogram at
the output of the ANC. Several reasons may account for this
baseline fluctuation.
When the adaptive algorithm is used on the ANC, it is
assumed that the noises at the primary and reference inputs are
stationary. This may not be true for respiratory signals. If the
respiratory artefact is in fact a non-stationary signal, the true
optimum filter weights will change from time to time (Widrow et
al., 1976). The current filter weights will always deviate from
this optimum solution due to the lagging time of the adaptive
algorithm. The deviation gives inaccurate estimate of the
cancellincr sicrnal.
The convergence time allowed for the adaptive algorithm may
be short. At the moment, the rheogram records are obtained after
5000 adaptations. The adaptation time may not be long enough for
the LMS alcrorithm to brinq the filter weights to converge to its
final optimum values. In the test, Long adaptation time is
impossible as the usable rheogram records available in this study
are short.
In the estimation of the respiratory artefact from the RIP
signals, it is implicitly assumed that a linear relationship
exists between the two. The assumption may not be true within the
full respiratory tidal volume range. Departure of this assumption
may cause the adaptive filters to give a wrong estimate of the
cancelling signal.
Body movement may also produce baseline fluctuation in the
rheogram at the ANC output. During measurement, body movement
generates erroneous impedance changes mixed up with respiratory
artefact. This impedance change has no relation with respiration
and so stays with the rheogram even after cancellation.
6.4 Rheocrram Variation
From the rheograms obtained using ANC, waveform morphologies
are found to vary. The variations are not produced by the ANC as
they also appear in rheograms obtained by signal averaging. Some
rheograms exhibit beat-to-beat variation. In other cases,
morphological differences exist between rheograms in the apneic
and respiration state. This section attempts to explore the
possible reasons for such variations in a qualitative way.
Rheogram measures the pulmonary blood flow. This blood flow
is inversely proportional to the pulmonary vascular resistance.
Hence, rheogram variation among cycles may be reflecting the
changes in pulmonary vascular resistance. Respiration is the
major physiological factor that changes pulmonary vascular
resistance and thus beat-to-beat rheogram variation.
When the lung expands during respiration, the large
pulmonary vessels (often called extra-alveolar vessels) are
pulled open by the radial traction of the elastic lung parenchyma
which surrounds them (West, 1979). Consequently, the effective
pressure acting around these vessels from outside is low. The
calibers of these vessels increase. The pulmonary vascular
resistance in turn decreases, causing an increase in pulmonary
blood flow. In a word, the pulmonary vascular resistance of the
extra-alveolar vessels decreases when lung volume increases and
vice versa.
The lung volume change also affects the vascular resistance
of the pulmonary capillaries (also called alveolar vessels). Wher
a subject inspires, the alveolar pressure rises with respect tc
the capillary pressure. The vessels tend to be squashed and theii
resistance rises (West, 1979). This resistance increases further
because the increase in lung volume also stretches the alveolar
wall and reduces diameters of the capillaries. Therefore,
vascular resistance of the alveolar vessels increase with lung
volume.
Though the extra-alveolar vessels and the alveolar vessels
affect vascular resistance (and hence blood flow) in an opposite
way, they are not cancelled out. The result is that the net
pulmonary vascular resistance varies throughout the respiration
cycle. Rheograms changes also.
Anxiety may be another factor that affects pulmonary blood
flow (Harris and Heath, 1986) and thus rheograms. However, the
effect may not be a dominant one as all measurements were done
when subjects were in a relaxed state.
A few patients have the rheograms obtained during apnea
different from that obtained during respiration. Figure 6.9 shows
the case of a young male subject suffering from atrial septal
defect. The change in pulmonary vascular resistance discussed
above may account for this difference.
It has been mentioned that the alveolar vessels and the
extra-alveolar vessels contribute to the pulmomary vascular
resistance in an opposite way when lung volume changes. The net
change in total pulmonary vascular resistance forms a U-shaped
curve during lung inflation. The minimum pulmonary vascular
resistance occurs at the functional residual capacity (FRC) of
the lung (Murray, 1976), which is the lung volume at the end of
expiration. Vascular resistance during respiration is always
greater than that during apnea at FRC. The difference in vascular
resistance in the two states causes blood flow difference and so
do rheogram difference.
So far the study of impedance lung rheograms is based on
rheograms obtained at breath-holding. The rheogram differences in
the respiratory and the apneic states found here may mean that
more detail study on the effect of respiration on rheogram
waveforms is needed.
6.6 A Close Look at the Resniratorv Artefact
The ANC extracts the rheogram by subtracting the adaptive
filters' output from the total impedance change. The cancelling
signal represents the respiratory artefact.
The respiratory artefact (or the cancelling signal) has two
possible origins. It may come from the respiratory movement of
the chest or from the ventilation change underneath the
electrodes during breathing. An animal experiment was done tc
find out the actual origin. A clinical case was then studiec
based on the results of the animal experiment. The conclusions
from these two studies indicate that the cancelling signal in th
ANC is also useful.
6.5.1 An animal experiment
The experiment was done on dogs. A healthy dog was first
anaesthetsized. After tracheotomy, an artifical respirator was
used to control breathing through the opened trachea. Tetrapolar
needle electrodes were placed on the right chest to detect the
impedance change. Figure 6.10 shows the arrangement.
Rheogram during respiration was recorded. Then, a balloon
was inserted to the right tracheal branch. It was inflated to
obstruct the right trachea. The rheogram was recorded. After
that, the ballon was deflated. Rheogram was again recorded.
The same procedure was applied to the left trachea with the
electrodes still on the right chest.
Electrodes were then placed at the left chest. Rheogram
changes during obstruction of the left and right trachea were
recorded respectively.
Figure 6.11 shows the right chest rheogram change before,
during and after right trachea obstruction. In the diagram,
respiratory interference disappears during right trachea
obstruction. During obstruction, the rib cage continued to move
as the respirator did not stop. Obstruction stopped the right
lung ventilation but not the respiratory movement. On the
contrary, the right chest rheogram showed only a slight change in
amplitude when the left trachea was obstructed alone. The
rheogram changes recorded at the left chest gave the same result.
Figure 6.12 shows the left chest rheogram changes before, durinc
and after right trachea obstruction.
Collateral ventilation (Murray, 1976; Cotes, 1979) may b
responsible for the slight decrease in the impedance chang
observed in the left chest. It is found that pathways callei
pores of Kohn about 3 to 13 p exist between adjacent alveoli
When the right lung is obstructed, air in the left lung may go to
the obstructed lung via these pathways due to the pressure
gradient between the two lungs. Ventilation in the left lung
therefore decreases slightly.
The experiment was repeated on three dogs. Results were the
same. These observations suggest that the respiratory artefact
comes from the right lung ventilation.
6.5.2 The patient with pulmonary resectioi
A patient with right pneumonectomy was studied. His rheogram
was measured during respiration. Figure 6.13 shows the record.
The respiratory artefact is still present but its effect on the
rheogram is greatly reduced. This phenomenon may be explained as
follows. The animal experiment shows that the' respiratory
artefact comes from right lung ventilation. When the right lung
is cut, the patient has no ventilation at the right chest.
Instead, the cavity becomes filled with serosanguinous effusion
(Waldhausen and Pierce, 1985). The left lung also undergoes a
compensatory growth after right pneumonectomy (Brody, 1980).
During respiration, the left lung overinflates (Schilling, 1965)
and compresses the fluid at the right lung cavity. This causes
fluid volume to change in that region. The change in fluid volume
produces the respiratory artefact.
It is interesting to find that the ANC fails to extract the
rheogram in this case. The model of Otis et al. (1959) (figure
6.14) together with the result of the animal experiment may
account for this. In normal subjects, the RIP measures total
respiratory volume while the artefact represents the right lung
ventilation. The two compartment model of Otis et al. implies
that the two signals (the right lung ventilation and the RIP
signal) may be related by a linear transfer function. The
adaptive filters in the ANC are thus able to generate the
ventilation signal from the RIP signals. In this clinical case
(and probably all patients with pneumonectomy),' the artefact no
longer represents the right lung ventilation, but fluid movement
induced by left lung inflation. This artefact bears no
relationship to the overall respiratory volume and hence cannot
be obtained from it via linear transfer functions. Moreover,
there has not been any clinical results showing the validity of
RIP in measuring respiratory volumes in subjects having
pneumonectomy (though the study of Tobin et al. (1983) included a
patient with lobectomy). RIP signals may be inappropriate to the
ANC reference inputs. These two reasons may make the ANC fail.
This clinical case supports the conclusions from the animal
experiment. It also shows the limitation of the ANC method in
rheogram extraction.
6.5.3 Use of the cancelling signal
Now that the ANC can separate the rheogram and the righ1
lung ventilation. The problem of cardiac artefact contaminatioi
in impedance pneumography discussed in chapter 1 is thus solved
Figure 6.15 shows the output of the adaptive filters (which i
the right lung ventilation signal) together with the rheogram an
the total impedance change.
Weng et al. proposed the use of impedance plethysmography in
measuring regional lung function in 1979. The plethysmograms
obtained contain ventilation as well as blood flow information.
They obtained ventilation and perfusion information from the same
record. Ohta et al. (1981) and Aoyagi et al. (1981) also studied
the use of impedance technique in regional lung ventilation and
closing volumes measurements. These studies and analyses may be
more reliable if the impedance pneumographic signals are obtained
from the ANC.
6.6 The Adaptive Noise Canceller- Implementation Consideration
From equation 6.4, it can be seen that the number of
multiplication and addition are proportional to the filter order
used. In a N1 order FIR filter, the gain adaptation needs 2N
multiplications and N additions. Another N multiplication anc
additions are needed to obtain the output signal. Totally 31
multiplications and 2N additions are needed per sampling cycle ii
each filter. High speed processoring units must be used ii
implementation.
Communication engineers met the same problem. In full-duplex
transmission of data signals over two-wire circuits, echos
usually appear at the receiver due to imperfect transmitter-
receiver isolation. The problem is solved by an echo canceller,
which is actually an ANC. An IC echo canceller with a 64th order
FIR adaptive filter working on LMS algorithm has been built
(Verhoeckx et al., 1979). The integration of the present ANC into
a system should not be difficult.
, . ?
Simple adaptation algorithms for the adaptive filter help to
reduce hardware complexity. Claasen and Mecklenbrauker (1981)
suggested the sign algorithm. This algorithm saves N
multiplications per adaptation but it gives high steady state
error. Recently, a simple adaptive algorithm called the dual sign
algorithm has been proposed (Kwong, 1986; Kwong and Chan, 1987).
This algorithm saves N multiplications, gives faster convergence
rate and smaller steady state error compared with the popular LMS
algorithm. Its use in the ANC may speed up computational time,
reduce the adaptation time of the ANC and improve the canceller's
performance.
6.7 Discussion
Sinton and Suntheralingam (1988) have pointed out the
advantages of RIP technique over impedance pneumographic
technique in respiratory volume measurement. The advantages
include better accuracy and cardiac artefact free records. A
recent study has found that in overweightobese subjects, RIP is
less prone to motion artefact than impedance pneumography in
exercise ventilatory measurement (Poon, et al., 1988). Section
6.2 also explains why RIP is chosen instead of impedance
pneumography for reference inputs to the ANC. Yet, it does not
mean that impedance pneumography is becoming useless in
respiratory measurement. The ability of the ANC to separate
respiratory component and blood flow component implies the use of
the technique in accessing regional lung function. Regional
distrubution of lung ventilation is conventionally done by Xe
inhalation (Ruppel, 1982), which is radioactive. Replacing this
method by impedance pneumography reduces radioactive hazards to
the subject.
It has also been discussed that human respiratory signal may
not be a stationary process. Applying the LMS algorithm to non-
stationary respiration signals increases the misadjustment
between the optimum filter weights and the filter weights
obtained by the algorithm. Ferrara and Widrow (1981) proposed the
time-sequenced adaptive filter for use in non-stationary signals.
The method has been found useful in fetal ECG enhancement
(Ferrara and Widrow, 1982). It may also be useful in reducing the
baseline fluctuation of rheogram.
The RIP signals used in the reference inputs are the basic
components that contribute to the total respiratory volume of the
subject. As discussed in section 6.4.2, the adaptive filter in
the ANC can be thought of as a transfer function block that
relates the total respiratory volume to the respiratory volume at
the right lung. It is very likely that this transfer function may
vary among patients with pulmonary diseases. The steady state
impulse response of the adaptive filter may provide useful
information on the degree of airway obstruction in these
patients.
The RIP is the extra instrument needed in the ANC method.
Sinton and Suntheralingam (1988) have suggested modification of
existing electrical impedance plethysmograph to RIPs. Followinc
the modifications, a three channel electrical impedance
plethysmograph is all that is needed to obtain the required
respiration and blood flow information (one for impedance
plethysmography, the other two for RC and ABD signals) for the
ANC. In fact, the clinical results reported in this thesis are
obtained using this method. See appendix 1 for details.
The ANC solves the problem formulated in chapter 2 by
imposing two assumptions on the measured rheogram. The first
assumption is that the rheogram and the respiratory artefact is
mixed up in an additive way. The other assumption is that there
exists a linear transfer function between the respiratory
artefact and the total respiratory volume. The problem has thus
transformed to finding this linear transfer function. This is
solved by using an adaptive filter equipped with the LMS

















Figure 6.2 Block diagram of the respiratory
inductive plethysmograph (RIP).
Figure 6.3 The ANC problem and solution
Figure 6.4 The multiple noise reference ANC.
Figure 6.5 Implementation of the ANC using
adaptive FIR filters.
Figure 6.6 The ANC solution to rheogram extraction. The
D.C. Notch refers to the drift filter. AF means
adaptive filter.
(a) Rheogram obtained from ANC
(b) Rheocrram obtained bv sianal averaainrr
(c) Rheoaram obtained durincr annea
Figure 6.7 Rheogram obtained from a young healthy




(a) Rheogram obtained from ANC
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(c) Rheogram obtained during apnea
Figure 6-8 Rheograms obtained from a patient with
pneumothorax using three different methods.






(b) Rheogram obtained by signal averaging
QRS COMPLEX; ECG
RHEOGRAM
(c) Rheogram obtained during apnea
Figure 6.9 Rheograms obtained from a patient with atrial
septal defect using three different methods.
Figure 6.10 The animal experiment used to find out the
origin of respiratory artpfact.
Figure 6.11 The plethysmographic signal at the right chest
of the dog during riglt trachea obstruction.
Figure 6.12 The plethysmographic signal at the left chest
of the dog during right trachea obstruction.
(a) Rheogram obtained by ANC
(b) Rheogram obtained by signal averaging
(c) Rheogram obtained during apnea
Figure 6.13 Rheograms from a patient with right pneumonectomy
using three different methods.
Figure 6.14 The two compartment model of the lung
suggested by Otis.
Figure 6.15 Simultaneous plot of the impedance change,
rheogram and the right lung ventilation sicrnal.
Chapter 3
Rpran-i tnl ation and Sucraestions for Further Work
In this chapter, the three ways of removing rheogram
artefact are summarized. They are then compared on the basis of
their suitability in various clinical situations and the
complexity in implementation. Suggestions for further work are
then given at the end of the chapter.
7.1 Fixed Diaital Filters in Rheoaram Extraction
The respiratory artefact present in the measured rheogram is
a low frequency component. Use of high pass filter to remove the
artefact is the simplest approach. DC 'drift filter, non-recursive
filter and recursive filters were tested. It was found that only
non-recursive filters are able to give rheogram cyclef
undistorted. This result shows the importance of phase linearity
•in rheogram extraction. Phase distortion is usually shown by ai
increase in the height of the S-wave (see figure 3.7).
The filtering method requires different sets of filter
coefficients for patients with varying respiratory and heart beat
frequency. The spectrum of artefact and rheogram overlap each
other. Artefact cannot be totally removed from the rheogram.
7.2 Sicrnal Averacrincr in Rheoaram Extraction
Extracting rheographic components from impedance
plethysmographic signal by signal averaging is not new. In this
thesis, the technique was analysed in the frequency domain
instead of the commonly used statistical approach. A qualitative
analysis in section 4.2.3 showed that the method still works when
the signal and noise are intermodulated if a few conditions are
met.
Using ECG as the time mark, clear rheograms were obtained by
signal averaging. Fifteen averaging cycles were enough to obtain
a clear rheogram.
Thomas et al. (1982) suggested the parallel approach to
signal averaging qualitatively. They proposed the use of
recursive filters in the filter array. In chapter 5, their work
was justified by analysing the parallel structure using signal
processing technique. Several interesting properties of the
structure were found in the analysis. Firstly, the structure has
linear phase response regardless of the filter used in the array.
Secondly, the conventional signal averaging method gives the best
SNR improvement if FIR filters are used in the array. Thirdly,
use of high order IIR filters in the array does not give higher
SNR improvement of the overall structure very much.
The resursive signal averager was also tested on rheogram.
Experimental results verify the phase linearity property of
signal averagers. The test also showed that this property is
maintained even when the cycle length used in averaging changes.
7.3 Adaptive Noise Canceller in Rheoaram Extraction
The adaptive noise canceller (ANC) has been used in many
biomedical signal processing since Widrow et al. proposed it in
1975. The canceller requires reference inputs. The method of
obtaining signals for the reference inputs must process all the
advantages of impedance lung rheogram. These requirements are
tough. The recently developed RIP was found to suit this
purpose. Multiple reference ANC was needed to eliminate the
cumbersome calibration procedures in RIP.
The ANC was tested on rheograms. Rheogram cycles normally
unobservable at the ANC input are recovered with no distortion.
Resulting rheograms give small baseline fluctuation.
The residual baseline fluctuation in the rheogram may be due
to a few reasons. Body movement, short adaptation time due to
limited rheogram records available,- breathing signal non-
stationarity and the breakdown of the linearity assumption at
large respiratory volume may all contribute to the artefact that
is still present in the rheogram.
Rheograms were found to vary. There were beat-to-beat
rheogram variations. The effect of respiration movement on the
pulmonary vessels may be one of the important reasons for these
variations. The rheogram was also found to be different in the
apneic state and the respiratory state in some clinical cases.
While the physiological differences of this two states on
systemic circulation were well known, research work may be needed
to find out how pulmonary circulation changes during apnea.
The respiratory artefact (which is in fact the cancelling
signal of the ANC) was found to come from the right lung
ventilation through an animal experiment. This result was able to
explain a patient's rheogram which failed in the ANC method. The
cancelling signal can be obtained at the output of the adaptive
filter. It was found to be free of cardiac artefact. The ANC
solved the cardiac artefact contamination problem in impedance
pneumography too. This signal may have potential application in
regional lung ventilation measurement.
A multiple reference ANC using two N order adaptive
filters in the reference paths requires 3N real multiplications
and 2N additions per data point if the two adaptive filters are
designed to work in parallel. The structure appears to be complex
in hardware implementation. Fortunately, communication engineers
have already solved this problem. They have shown that
integration of the canceller on a chip is possible. Hardware
implementation can also be simplified by choosing simple adaptive
algorithms.
This method appears to be the simplest compared with the
artefact cancellation schemes proposed by Yamada (1987) and Eiken
and Segerhammer (1988). The latter two methods interpolated the
respiratory artefact using the R-R intervals obtained from the
ECG.
7.4 Comparison of the Three Methods
While the three methods can be used to eliminate respiratory
artefact in impedance lung rheography, their results, suitability
and ease of implementation are evaluated here to give a
comprehensive conclusion on them.
Figure 7.1 shows the rheograms obtained from the three
methods together with the original rheogram measured. The
rheogram is obtained from a patient with right pneumothorax and
is the same as the record used in figure 6.8. The fixed digital
filter used in the comparison is the 213 order FIR filter
designed in chapter 3. The transition band lies at 0.5Hz to
0.8Hz. The results of ANC is obtained by the ANC structure
described in section 6.3.2. The waveform obtained by signal
averaging uses 15 cardiac cycles. This waveform is not aligned to
other waveforms due to the difference in the sampling rate.
From the diagram, it can be seen that the rheogram obtained
by fixed digital filter has a large delay due to the high filter
order used. The waveform fidelity is inferior to that obtained by
ANC. The baseline fluctuation in the rheogram obtained by direct
filtering is larger than that obtained by ANC too.
The rheogram obtained from signal averaging gives the most
stable baseline. The waveforms show consistency among consecutive
cycles. Cycle to cycle rheogram variation disappears.
It was found in chapter 3 that linear phase digital filters
are needed in rheogram extraction. However, this solution is not
suitable in rheogram extraction for several reasons. The
overlapping spectra between the respiration artefact and the
rheogram makes the choice of cutoff frequency difficult. This
• • %
spectral characteristic also means that artefact can never be
totally eliminated. The large baseline swing present in the
rheogram as shown in figure 7.1 has demonstrated this. Note that
this filter works well in another rheogram record (see figure
3.5). This means a pre-designed digital filter, no matter how
good it is in eliminating respiratory artefact in one case, may
fail to extract a clear rheogram in another case. In clinical
situations, respiration rate and heart beat may vary from patient
to patient. The filter transition bands may be required to change
in every case. The fixed filter method lacks the ability to adapt
the filter cutoff frequency according to the spectral
characteristics of each rheogram record.
Signal averaging produces rheogram waveforms with stable
baseline. This is crucial for accurate quantitative analysis of
rheograms. The first derivative of the rheogram will also be
baseline stable. The location of b-point becomes easy to define.
However, due to the beat-to-beat variation of the R-R interval
(caused mainly by respiratory cardiac arrhythmia), part of the
averaged waveform may be lost unless pre-triggering is used.
The method has few other disadvantages. Cardiac arrhythmias
are common in patients having cor pulmonale (Ferrer, 1975).
Irregular R-R intervals in these cases make the averaged waveform
less accurate. The averaging effect of the method rules out the
possibility of obtaining extra information from the beat-to-beat
waveform variation. The averaging process requires a considerable
delay time (about 10 to 15 seconds, depending on the heart rate
and the number of averaging cycles) for a rheogram cycle to pass
from the input to the output.
These disadvantages makes the signal averaging method less
appropriate for continuous monitoring compared with the adaptive
noise canceller. However, the method well suits clinical
diagnostic application.
Signal averaging is a conventional method of removing
respiratory artefact from impedance plethysmographic signal. The
method requires a robust QRS detector and a signal averager. The
former can be obtained from some ECG machines. The latter is a
popular instrument in neurophysiology research. Implementation
will not be difficult. Signal averaging smoothes out any beat-to-
beat variation of the rheogram and makes waveform analysis during
diagnosis less ambiguous.
Elimination of respiratory artefact by ANC requires one
extra piece of equipment: the RIP. At present, the RIP is still
not a common piece of equipment. The modifications suggested by
Sinton and Suntheralingam (1988) to change an electrical
impedance plethysmograph to an RIP obviates this difficulty.
Simple circuits exist for electrical impedance plethysmograph
(Swanson and Webster, 1982).
A powerful signal processor such as the TMS320 series can be
used to implement the ANC (Texas Instrument, 1986).
Implementation of the ANC is most complex among the three
methods. However, this hardware complexity has exchanged for a
few advantages which is not available in other methods.
The ANC gives short delay time for the signal. After the
adaptation reaches steady state (which may take 2 to 3 -minutes),
the delay is only half of the order of the adaptive filter. It
can detect beat-to-beat variation of the rheogram, and therefore
allows the study of rheogram in more details. The method is in
fact measuring three physiological variables at the same time:
pulmonary circulation, total respiratory volume and right lunc
ventilation. The features make the method particularly useful ir
patient monitoring and exercise physiology.
The rheograms obtained by ANC do not have a very stable
baseline. This makes the ANC inferior to the signal averaging
method in quantitative waveform analysis. Yet, the first
derivative of the rheogram obtained from the ANC shows stable
baseline (see figure 7.2). Hence in some diseases where dZdt is
found more informative than the rheogram useful, the ANC method
may be preferred. Cor pulmonale is an example (Third National
Conference on Cor Pulmonale, 1981).
The above comparison shows that rthe direct digital filtering
is not preferred in extracting rheograms. Signal averaging is
useful in quantitative waveform analysis. The ANC favours
monitoring applications.
The abilities of the three methods to remove respiratory
artefact depends on the amount of a priori information provided
to solve the problem in figure 2.8. The filtering method needs
the least information about artefact (see figure 3.8). Since this
information can only be obtained by spectral analysis and the
spectra of the rheogram and artefact are not mutually exclusive,
the method lacks flexibility to adapt to every clinical case.
Signal averaging requires a little bit more information.
Instead of knowing the bandwidth of the artefact or rheogram, it
uses the rheogram's fundamental frequency to build passbands at
the rheogram's harmonics. The fundamental frequency of the
rheogram follows the heart rate. Obtaining the rheogram's
fundamental frequency from the ECG gives the process the ability
to adapt to heart beat variation among subjects.
The ANC solves the problem by the respiration information
supplied to it as well as the assumptions made on the unknown
operations in figure 2.8(b). Since the ANC method requires a
complete knowledge of the respiratory activity, it preserves most
of the information present in the rheogram. The validity of the
assumptions determines the applicability of the ANC method in
rheogram extraction. This can be seen from the patient with
pneumonectomy in chapter 6.
7.5 Suggestions for Further Work
This thesis proposes three methods to solve the respiratory
artefact problem in impedance lung rheography. The studies are
done by simulation only. Development work on measurement
instrument is needed in order to make the solutions usable by
physicians and nurses.
The discussion in chapter 6 has shown that a three channel
impedance plethysmograph together with an ANC can measure
respiration, regional ventilation and blood flow. This two parts
may be put together to give a easy-to-use, microprocessor based
instrument. Such an instrument may have many potential
applications besides impedance lung rheography. Impedance
cardiology and impedance rheoheptatography are two possibilities.
These two techniques met the same respiratory artefact problem
(Miyamoto et al., 1981; Chen and Zhong, 1988) as impedance lung
rheography. Simultaneous monitoring of several important
physiological variables will certainly be very useful in
intensive care units and exercise physiology.
The ANC removes substantial amount of respiratory artefact
in the rheogram. Yet, small baseline fluctuation still remains.
The use of the dual-sign algorithm (Kwong, 1986; Kwong and Chan,
1987) instead of the LMS algorithm may shorten the adaptation
time needed and provide a more accurate estimate of the filter
weights at steady state. The time-sequenced adaptive' filter
(Ferrara and Widrow, 1981) may be a possible alternative to the
present ANC. Waveform normalization may also help.
When RIP is used for respiration measurement, calibration
procedures require patient co-operation. At present, the least
square method provides the best accuracy (Chadha et al., 1982).
This method works in the following way.
It has been discussed that the total respiratory volume of
deduced from the RIP is the scaled sum of the RC and ABD signals.
At calibration, the SUM of the RIP is to equal to the respiratory
volumes obtained by spirometry. Equation 6.5 can be written as
(7.1)
Dividing the equation throughout by VOL gives
(7.2)
Hence, tidal volumes (VOL) obtained from spirometry and
excursions given by RC and ABD signals are recorded for several
breaths in the suprine and standing positions. The values of
RCVOL are plotted against ABDVOL. Equation 7.2 shows that the
recipical of the intercepts of the best fit line give the rib
cage factor and the abdomen factor respectively. This method is
first proposed by Chadha et al. (1982) and is suggested for
calibration in commercial available RIP units such as the
Respitrace (Ambulatory Monitoring Inc.). The method is called the
least square method. It is tedious and requires subject co¬
operation.
The calibration can be interpreted in an alternate way. VOL
is a linear combination of RC and ABD. The search of
proportionality constants may be regarded as a parameter
estimation problem (Clarke, 1981). The least mean square is the
usual criterion in finding these parameters. The least mean
square problem has some well known sequential solutions. The
Kalman filter and the LMS algorithm are two of the popular ones
(Clarke, 1984). Using this approach, the calibration procedure
can be replaced by the structure in figure 7.3. The two factors
are the values of the gains after the adaptation becomes steady.
Computerized calibration is the natural consequence.
The adaptive filters in the ANC may provide a new insight
into the model of the respiratory system. It has been mentioned
that the steady state impulse responses of the adaptive filters
may provide information on the degree of airway obstruction.
Theoretical work as well as clinical studies are necessary to
clarify the exact physical meaning of the resulting transfer
function.
So far, research on impedance lung rheograms have been based
on rheogram records obtained during apnea. The rheogram
variations found in chapter 6 may challenge the suitability of
using rheograms obtained during apnea for diagnosis. With the
help of the rheogram extraction techniques proposed in this
thesis, more clinical measurements and analysis may have to be
done in order to get a definite answer to this question.
(a) Original rheogram.record compared with the
rheogram obtained by filtering and ANC.
(b) Rheogram obtained by signal averaging
Figure 7.1 Comparison of the rheograms extracted by
the three different methods.
Figure 7.2 The rheogram and its first derivative.
The rheogram is obtained by the ANC method.
Figure 7.3 Calibration of RIP using adaptive method.
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Appendix 1
Measurement Method in the Study
The measurements in this study were taken by two different
methods. The measurements in chapter 3 to 5 were done in Hong
Kong. The method followed that of Li (1982). An impedance
plethysmograph was built according to the design of Swanson and
Webster (1982). The measurement current was 100kHz, lmA(rms).
4.5cm square conductive rubber electrodes were used. Electrode
gel SPECTRA 360 was used to reduce skin contact impedance. Figure
2.7 in chapter 2 shows a record of such a measurement. RIP signal
was not recorded.
The measurements in chapter 6 was done at the Guangxi
Medical College due to the availability of clinical cases there.
The measurement method followed the standard of 1981. The
POLYGRAPH SYSTEM (Model WSY-4B) manufactured by Luo Yang Radio
Equipment Factory was used for impedance measurement. Respiration
was measured by a self-made RIP following the suggestions of
Sinton and Suntheralingam (1988). The self-made RIP has been
verified against the Respitrace (Ambulatory Monitoring Inc.).
Saline was used to reduce skin contact impedance. Figure Al.l is
a typical record of the measurement.
The investigation here does not involve quantitative
waveform analysis. Therefore, no calibration was done on the
rheograms in both cases. All the measurement results were stored
on magnetic tapes using a multichannel FM recorder (TEAC, R-81).
The records are latter played back for computer analysis.
During signal analysis, the replayed physiological signals
EBI, RC, ABD were filtered by 15Hz, 8 pole low pass filters to
avoid aliasing (ECG need not be filtered). The four signals were
then digitized using a 12-bit AD converter card (Data
Translation, DT-2801A) and an accompanied software CODAS (from
DATAQ Instrument). The sampling rate is 200Hz per channel. IBM
PCAT compatible computer was used.
EBI was sampled at 200Hz when it was extracted by signal
averaging. The high sampling rate ensures that the ECG QRS
complex can be captured easily. In digital filtering and artefact
cancellation, EBI was sampled at 50Hz. The sampling rate was
changed by decimation.
Pascal is used throughout the analysis.
Figure Al.l A typical measurement record taken from
Guangxi Medical College.
Appendix 2
Deviation of Equation 5.8
This appendix presents the deviation of equation 5.8 from
equation 5.7. The notations follow that of chapter 5.
It has been found that the output at the filter averger,
Y[Z]f is given by
(5.7)
where
Substituting equation 5.6 into equation 5.7 gives
(5.6)
Expanding the above equation gives
Taking the first term out from each summation series,
Hence,
(5.8)
The adaptive filter is the heart of the adaptive noise
canceller. Figure 6.5 shows how a FIR filter is used in the
canceller. The filter weighs and sums the signal from the delay
line to give a prediction of the noise contained in the primary
input. Following the notations in figure 6.5, the filter output





In the canceller, the weights of the filter is adjusted
using the least mean square criterion to minimize the output
power. From figure 6.5, the output signal is
the filter order and'
the transpose of[]
(A3.2)
The mean square error at the output power of the canceller
is obtained by taking the expectation of the square of equation
A3.2. Thus,
p.138
Introducing a new vector P to represent the cross
correlation between d and X,
(A3.3)
and denote the input correlation matrix by R, that is
Equation A3.3 becomes
(A3.4)
To find the optimum weights that give minimum mean square
error, equation A3.4 is differentiated with respect to w (k= 1,
2,..., N) and set to zero,
(A3.5)
[A3.6)
W can be found from equation A3.6. However, the equation is
not practical. The solution is not solving the problem in a
sequential way. It is a batch processing solution only.
Equation A3.4 shows that the error squared is a quadratic
function of W. The function never goes negative and can be
pictured as a concave hyperparaboloidal surface. The least mean
square error can be found by moving the weights along the slope
of the function in the negative direction. Mathematically, this
means
(A3.7)
The value p. here controls the rate that W converge to the
solution in equation A3.6. Large ]i gives fast convergence and
also large steady state error. Small p. slows down the convergence
process but gives small steady state error.
Now, the slope of E(e) can be found by differentiating







Putting equation A3.8 and A3.9 into equation A3.7 gives
In scalar equation form, equation A3.10 can be written as
where k= 1, 2,... N.
This is the famous LMS algorithm commonly used for FIR
filter adaptation.
Widrow et al. have pointed out that the necessary and
sufficient condition for the LMS algorithm to converge is (Widrow
et al., 1976):
(A3.12)
where rmax is the largest eigenvalue of R.
However, in actual situations, the individual eigenvalues
are rarely known. Equation A3.12 is not always easy to apply. A
more realistic sufficient condition for convergence is
(A3.13)
where tr(R) is the total input power to the weights.
Appendix 4
Clinical Measurement Results
The ANC and signal averaging are applied to the rheograms of
18 clinical cases. The measurements are all done at the Guangxi





Table A4.1 Clinical cases studied in the thesis
Among these 18 clinical cases, the ANC fails in only one
case where the patient has undergone right pneumonectomy. The




























reason why ANC fails in this particular case has been discussed
in chapter 6.
Here, a few more typical clinical cases other than those
reported in chapter 6 are presented to verify the applicability
of signal averaging and ANC in removing respiratory artefact from
rheograms of different diseases. Three rheograms are presented in
each clinical case shown. The first rheogram is obtained from
ANC. It shows the beat-to-beat variation of rheogram cycle and in
some cases, the effect of cardiac arrhythmia on rheogram. The
second rheogram is obtained by conventional signal averaging (15
cycles are used). It acts as a waveform reference to show the
validity of ANC in rheogram extraction. The last rheogram is
obtained during apnea. This rheogram aims to make comparison with
rheograms obtained during respiration possible. Chapter 6 has
already discussed the possible reasons why rheograms obtained in
respiration and apneic state may be different.
The clinical rheograms reported here are
1. Bronchial asthma
2. Right pleural effusion
3. Pulmonary artery stenosis
4. Rheumatic heart disease and mitral stenosis
5. Hyperthyroidism
6. Hypothyroidism
7. Chronic bronchitis and pulmonary emphysema






(b) Rheogram obtained by signal averaging
(c) Rheogram obtained during apnea
Figure A4.1 Rheogram of a patient with bronchial asthma.






(b) Rheogram obtained by signal averaging
(c) Rheogram obtained during apne
Figure A4.2 Rheogram of a patient with
riaht pleural effusion.







(b) Rheogram obtained by signal averaging
(c) Rheogram obtained during apnea











(b) Rheogram obtained by signal averaging
(c) Rheogram obtained during apnea
Figure A4.4 Rheogram of a patient with rheumatic
cardiopathy and mitral stenosis.
QRS COMPLEX ECG
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(b) Rheogram obtained by signal averaging
(c) Rheogram obtained during apnea
Figure A4.5 Rheogram of a patient with hyperthyroidism.
QRS COMPLEX ECG
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(b) Rheogram obtained by signal averaging
(c) Rheogram obtained during apnea.











(b) Rheogram obtained by signal averaging
(c) Rheogram obtained during apnea
Figure A4.7 Rheogram of a patient with chronic bronchitis
and pulmonary emphysema.
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